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SUMMARY
Thisinvestigationwasundertakento studythestressdistribution
tithincementedandrivetedmetaljointsby useofananalogousjoint
constructedofa highlyflexiblematerial.By meansofdisplacement
measurementsobtainedfromfom-rub%eranalogsit isshownthatthe
l:- distributionf shesrinthesejointsisnotuniformoverthelength
ofthejoint,butthatit isgreaterneartheendsthanit is inthe
middleas longasthestiessesarekeptwithintheelasticrangeinu
whichmostfatiguelosdsoccur.
Becauseoftheverylowmoduluso?elastici~ofthefoamrubber,
alldisplacementsoccurringintheanalogsaregreatlyexaggerated,some
sogreatlyas to indicatethatcertainfactorshithertounknown,and
otherswhoseexistencehasbeensuspectedhutunproved,may,when
pruperlyevaluated,explaintheconcentrationssmdredistributionf
stressthatcausethediscrepanciesbetweentheresultsoftestsand
currentlyacceptedmethodsofanalysis.Misplacementsonthecemented-
jointanalogsweregreatenoughtobe measuredto 0.01inchongrids
drawnontheedgesofthespecimens.Displacementsat 11pointsin
eachofseveralsectionsintherivetedrubberanalogsweremeasured
withthessmeprecisionon X-rayphotographsshoyingindicatas- thin
metalredsorpiecesofthreadsoakedin leadnitrate- whichwere
insertedintotherubberbeforetheloadswereapplied.
INTRODUCTION
Thedistributionflosilswithinriveted,boltd,andcemented
jointshasbeenthesubjectofmanyinvestigations(forexample,refs.1
tO 6). Frm theseinvestigationsandfrcinfatiguetestsofsuchjoints
(refs.7 to 9),itisevidenthatthereisa lackof ccqleteunder-
.
standingoftheinternalstressdistributionwithinjoints.Previous
studies,inwhichmechanicalorelectricalstraingageswereused,were
.
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tediousatbestandwere
structurale ementswere
frequentlylimitedinscopebecausethe
notextremelysimplesectias.
P-
Strain-gagedatawereoftenaffectedby preconceivednotionson
thepart-ofthepersonwholocatedthegages.Importantstrainscould
gounmeasurediftheresearchscientisthadno suEpicionof*heir
presence,andevidenceoftheirpossiblexistencecouldbe obscured
by inaccuraciesinthedeterminationfverysmalldeflections.Attempts
to correlatestrain-gagedatafrcunvariouJ3sourcesonstructurale ements
ofvariousizesandshapeshavebeendisappointingandtheconclusion
hasbeenreachedthata differentapproachwasneededtoindicatehow
andwheresignificants rainswouldoccti.
Itisimpracticabletomeasureinternalstrainsinm+l members
andimpossibleto obtaina metalhavinga low-enoughmdulusofelas-
tici~ to.givedisplacementsvisibletothenakedeye. Thepurposeof
thisreport,therefore,istodescribean investigationinwhichthe
stressdistributionwithina cementedorrivetedmetaljointwasstudied
by meansofananalogousjointconstructed-ofa highlyflexiblematerial.
—
Theaimwastomagni~alldisplacementsthatcouldbeexpectedinmetal .%
specimensofpracticablesizesogreatlythattheywouldbecomevisible.
Fewplasticshavelinearstress-straincurvesandalJ_tendto creep
*
underloadsofmderatemagnitudewhentheyareimposedformoderate
periods.Investigationofseveralothermaterialsandstudyofprevious
.—
work(refs.10to 13)indicatedthatfosmrubberwouldbe themostsuit-
ablematerialtousesinceithada verylowmcdul.usofelasticiiqy,a
linearstress-strainrelationup to~0percentelongation,andreasonable
creepcharacteristics.Underthelowstressintensitiesinvolved,it
wasfoundthatfosmmibberspecimensshowedno effectsfromcreepor
hysteresis.
PreliminaryX-raytestsindicatedthat-specimens5 inchesormore
indepthcouldbepenetratedwithoutdifficulty.Suchspecimensgave
clearimagesand,whensuitableindicatorswereused,”showedtherel.atlve
movementsoftheinternalfibersofthespecimensinconsiderabled tail.
Subsequenttestswereconfinedtoperfectingtechniquesformeasuring
surfacedisplacementsandinternalstrainsinfoam-rubberspecimensbuilt
to simulatecementedandrivetedjointsinmetalplates.
ThisworkwasdoneattheMassachusettsMtitute ofTechnology
underthesponsorshipandwiththefinancialassistanceoftheNational
AdvisoryCommitteeforAeronautics.Muchofthisworkcouldnothave
beencarriedouthaditnotbeenfortheableassistanceofMr.G.
Falabe~a,Jr.,infabricatingtestspecimensandofferingmanyvalu&ble .
suggestionsintestingandinthepreparationfthisreport.The
assistanceofMr.J.E.GieckoftheFirestoneIndustrialCompanyin
“
.-
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“\ obtainingthenecessarysizesandqusrditiesofFoamex
aidedthiswork. Appreciationisalsoextendedtothe
3
rubbergreatly
U. S.Rubber
-
% CcmpanyforsupplyingKoylonrubberandto theGoodyearTireandRubber
CompanyforsupplyingAirfoamrubber.
FOAM-RUBBERP OPERTIES
Thetensileandshearpropertiesofavailablecmmercialfoam
rubbersweredeterminedby test. Thefoam-rubbermterialsconsidered
includedKoylon,Foamex,andAirfoam,productsofU. S.RubberCmpany,
FirestoneIndustrialCompany,andGocdyearTireandRubberCompany,
respectively.Foamexwasusedformostoftheanalogspecimens.
.
Tensiletestsofthesematerialswereperformedona simpletesting
machineconsistingofa rectangularguillotine-meframehavinga fixed
baseandslidinghead,as showninfigure1. Iaadwastransmittedby a
cableandpulleysystemtotheslidingheadandthustoemyspec-n
insertedbetweenbaseandhead. Thesheetmaterial,asde13vered,was
15inchestideand45 incheslong.A gagedistanceof10inchesinthe
middleofthislengthwasconsideredbeyondtheinfluenceofsecondary
effectsfromtheplateswhichwerecementedto eachendoftherubber
sheettodistributetheloadandpermitthespecimentobe heldinthe
testingmwhineby a simpleboltedconnection.Preliminarytestsshowed
thatthetensilepropertieswereindependentofwidth;however,thefull
1~-inchtidthwasusedinviewofthesizeoftheproposedmodels.The
strainwascomputedfrcmcalipermeasurementsbetweengageMnes fora
rangeofloads.Theresults,plottedinfigure2, includevariousheet
thicknessesforfoammaterialsavailableat thetimeoftesting.Strains
inthedirectionofwidthandthicknessofthesheetwerealsorecorded.
ShearpropertiesofKoylon,Fosmex,andAirfoamwereobtainedfrom
torsiontests.Disks3 inchesindismeter,cutfrcmeachofthematerials,
werecementedbetweentwometalplates.Oneoftheplateswasrigidly
attachedtoa verticaltestrig,leavingtheotherplatefreetorotate.
A suitablehsxnessattachedto thefreeplateallowedtorquetobe
appliedto itwitioutimposingbendingorsimpleshearonthespecimen.
Figure3 showshowtargetsuspendedonhorizontalarmswereusedto
findangulardisplacementsortwistofthedisks.Verticaldisplace-
mentsofthetargetsweremeasuredby a motor-drivencathetcmeterand
smallangleswereccmrputedfromtheirtangents.W modulusofelas-
tici@ in shearwasobtainedfromtherelation
. “E
.
4where
T torque,in-lb
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t thickness.ofspecimen,in.
P angleoftwist,radians
% polarnmnentofinertia,in.4
Thethiclmessesofmaterials,usedarelistedinfigwe 4. No torsion
testswereperformedonAirfoamsinceinsufficientmaterialwasavailable.
Theresultsofthetensiletestsforallthreematerialsaresumma-
rizedinfigure2. Itisevidenthatthetensilestress-strainrelations-
hips arelinearup torektivelylargeloads.ExcludingtheAirfoam
material,linearitycontinuestoanelongationof40percentata stress
between~ and~ psi. ThethreegradesofAir’foamcoverquitea large
rangeofYoungrsmahil.uscompsredwiththeotherfoam-rubbermaterials .5
tested,andlinearilqyappearsto continueovera greaterpercentstretch.
Itis importanttonote,however,thatallmaterialshuwa closesimi-
laritytothetensilepropertycurvesforaluminumwithintheelastic 1.
range.
Young’smoduliE weredeterminedfromthestraight-lineportions
oftheplots.ForconvenientcomparisonthevaluesobtainedareEsted
intableT. ThesevaluesindicatethatKoylonisstifferthanFosmex
butlessstiffthanAirfoam(firm). !l!bicknessappmentlyhasan effect
onthemcdulusas shownby theresultsof1/4-,1/2-,andl-inchsheets
ofFoamex. Thethickestsheethasthelowestmodulus.Thismaybe
causedby thepresenceofa “skinr~ononesideofthesheetsanda cliffer-
enceinporositythroughoutthesheets.Suchskinwasthin,andthe
differencesinporosityslight,buttheskinthicknessforthethinner
sheetsrepresentsa Murgerpercentofthetotal,andtheporosi@, due
togasesescapingduringcoolingoftherubber,isfinerinthethinner
sheets.The“bubbling”islessviolentandthe resultingporositymore
Unifm.
Theshearmcduliinfigure4 donotincludetheAirfosmaterial
becausethematerialavailablewasinadequateforpreparings~cimens.
However,itisprobablethattheAirfosmis linearinshearaswellas
intensionandthattheG-valuesvaryaboutinproportionto themalulus
ofelastici~forAirfoamofdifferentgrades.Measurementofthe
straight-lineportionsofthecurvesprovidedthevaluesofmcduliof
rigidityG givenintableI. Aswouldbe e~cted fromthetensile
tests,Koylonis stifferin shearthanFoamex.Itseemsreasonableto
expect hatitwouldbe lessstiffthanAirfoam(firm)hadthelatter
beentested.
.
“
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Theratiosofmodti ofrigiditytoelasticityG/E me as follows:
Forl/k-tichKoylon,0.303jforl/k-inchF-x, 0.300jforl/2-inch
Foamex,O.255;andforl-inchFosmex,0.290.Theseresultsindicatea
possiblerrorinthedeterminationf G or E forthel/2-inchsheet.
Since E wasfoundfrcma 10-by 15-inchtestareaand G frcma 3-inch
disk,It ispossiblethatthevalueof G foundforthel/2-inchFoamex
isthequanti~inerror.Excludingthel/2-inchsheet,the G/E ratio
forfoamrubbermaybe takenas 0.30,whereasforaluminum-alloysheet
ofaircrafthicknessthisratiovariesfrom0.38to 0.40. Itisfelt
thatthisdifferenceisacceptableforthepresentinvestigation,although
itisrecognized&t displacementsinvolvingbothshearandnormalstress
maynotbe correctlyrepresentedinthervhbermodels.
Usingthee~rimentalvalueof 0.30forthe G/E ratioforfoam
rubber,Poisson’sratio p computedfrcmtherelationforisotropic
materialsE = 2G(1+ V) is0.67,ortwicethevalueusuallyaccepted
foraluminumalloys.However,Poisson’sratio,asfoundexperimentally
tim measuredchangesinlength,thickness,andwidthforfosmrubber,
wasabout0.33,as shownintableI;thisvalueapproximatelyequalsR
._, thatforaluminumalloy.TheslightvariationinPoisson’seffectfor
thethicknessandwidthdirectionsinfoamrubberprobablyindicates
thenonisotropicnatureofthemterial,buttheapproximateformulas
.
developedforcementedlapjointsdonotincludePoissonisratiosothat
a determinationfitsimportancen ednotbe madeat thistime.
Afterthetensileandshearpropertiesofthesematerialshadbeen
determined,mcdelswereconstruc~d~o simulate
jointsbetweenaluminumsheets.Becauseofthe
itwasselectedforuse,althougheitherKoylon
beenusedwithcomparabler sults.
CEMENTEDJOINTS
cementedandriveted
&vailabili&ofFoamex,
orAirfoamcouldhave
.
.
Recentdevelopmentsinprocessesforcementingmetalshavepro-
videdanothermeth~ forthefabricationfaircraftstructures.T!he
relativesimplicityof cementedJoints(fig.5),theirrelativelyhigh
strengthswithbothlight-andheavy-gagematerials,andtheirpotential
savin@inweightfavortheirsubstitutionforrivetedjoints,buta
lackofengineeringdataandreliabledesigncriteriaisretardingtheir
useatpresent.
!l?heanalysisofa cementedjointisnotthesimplematterthatthe
continuousnatureofthebondwouldindicate.Althoughloadis contin-
uouslytransmittedalongthelengthofa cementedlap”soint,as con-
trastedwitha rivetedjoint,theendsofthecementedareamaycarry
thegreaterpartofthatloadandtheinnerportionmybe lightly
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stressed.Thistendencyto concentratestressattheendsofthelap
resultsfromthedifferentialstrainingofthejoinedmenibersand
indicatesthatthecommonassumptionthattheloadcarriedby a joint
ofconstantwidthvariesdirectlyas itslengthis,ingeneral,unten-
able.Theoryindicatestheassumptionto%e reasonablewhentheshear
propertiesofthecementandthematerialjoinedareessentiallyequal
andwhenthemembersarescarfedortaperedinthicknesstoequa13.ze
strains.A completelyrationalanalysisforevena simplelapJoint
isstilltobe achieved,butthepresentexplorativeinvestigation
makinguseofFosmexrubberandmetaljointshowspromisingpossibil-
itiesforanapproximateprocedurewhichincludesa numberofsimplifying
assumptions.
.
TestProcedure
Severalcementedlapjointsconstruc~ofFoamexwereinvestigated
undervarioustensileloads.Threesheetthicknesses,1/4,1/2,and
1 inch,wereusedintheconstructionfthefirstlapjoints.The
lengthofoverlapvaried,buttheover-allengthandwidthofthespec- -1
imens,20by 4 inches,werethesameforall. Theoverlapusedforthe
l/4-inchandl/2-inchmaterialswas2 inchesandforthel-inch-thick --
material,3 inches.A typeoflatexcementwhich,whendry,possesses
propertiessimilartothefoamrubberwasusedforbondingthesheets.
Blackshellac(asuspensionffinelsmpblackinshellac)proved
verysatisfactoryformarkinga l/4-inchgridontherubberintheregions
ofthejointatwhichdisplacementsweretobe measured.Theshellac,
withitsfast-dryingquality,minimizedbroadeningofthelinesdueto
seepageintotherubberandthelampblackprovidedan indicatorsuffi-
cientlyopaquetobe clearlyrecordedwhenphotographedoncontrastfilm.
Figures6(a)and6(b)aretracingsofthisgridasmadefranthe
photographs.
Themarkingdeviceusedwasa gridoftie, chosentogivethe
desiredspacingandthicknessofline,mountedina woodenframe.After
a thinlayerofblackshellachadbeenbrushedontothewires,thepre-
paredgridwaspressedagainstherubberandtheshellactransferred
to it.
Wtal clampswerebondedtothefreeendsofthesheetsby special
metal-to-rubberc mentsothattheloadwouldbe distributeduniformly
acrossthespecimenswhentheyweremountedintheapparatususedfor
themodulus-of-elastici@testsofthesheetmateriab(fig.1).
Certainprecautionswerefoundnecesss.ryintheactualtestingand .
photographingofthesespecimens.Eachspecimenwasmountedtohave
—
.
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freedominbendingandverticaltranslationbuttobe restr-ictedin
torsionandhorizontaltranslation.Thisallowedthedesiredmovements
ofthemodelunderloadandstabilizedtheratherflexiblematerial.
Sincethelinesofactionoftheforcesonthelapjointandthecenter
linesofeachsheetwerenotcoincident,carewastakento offsethe
pointsofapplicationftheloadsto obtaincollinearityoftheapplied
forces.
Photographicmethcdsforrecordingthedisplacementsofthegid
requiredevelopinga techniquehatinganaccuracythatwouldallow
duplicationfresults.Carewasfoundtobe necessaryhthintaking
thephotographsandinprocessingthefilm. Foreachloading,the
camerawaspositionedandlevekdsothattheplaneofthefilmwas
paralleltotheplaneofthegridandthecenterofthelenswasat
thesaneheightfrcxntheflooras thecenterofthegrid.Thismini-
mizedopticaldistation.Sincethecutfilmusedwas2* inchesby
3* inches,enlargingwasnecessarytoindicatefti-scaledisplacements
ofthegrid,and,in ordertorecordandfollowtheangularandlinear
displacementsfrommodeltoenlargement,itwasfoundnecessaryto
placetargetsruledwithl-inchsquaresoneachsideofthemodelso
%hatportionsofeachtargetwereincludedineachnegative.These
targetsdidnotmwe whenthemodelswereloadedand,hence,alldis-
placementofthegridduetotranslationrrotationofthejointarea
underloadcouldbe referencedto linesonthefixedtargets.Thedis-
placementdatafortherubber-analogjointsincludedandanalyz~in
thebodyofthisreTortaxeforthe3-inch-lap,l-inch-sheetmodelat
a 16-poundtensileload.
Fourcementedmagnesiumspecimenswerealsotestedundertensile
losds. TWOsinglelapspecimens(fig.7(a))havinga l-inchoverlap
weremadefrom1/4-by L by 6-inchpiecesofmagnesium.Twodouble
lapspecimens(fig.7(b))havinga 2-inchoverlapweremadefroml/4-
by 15/16-by 6-inchpieceswith1/8-by 1-by 2-inchcoverplates.
PhotogridswithO.01-inchspacingwereplacedoneachedgeofthelaps
as showninfigures7(a)and7(b)inanefforto getstraindistribution
alongthelap. Theendsof thesinglelapspcimensheldbytesting
machinegripswereadjustedtohavethephne ofthecementcoincide
withtheplaneofloadingtoreduce%endingortearingforcesonthe
Joint.
Resud.tsandDiscussion
Theresultsofthetensiletestonthe3-inch-lengthlap,
l-inchsheetsimpleFosmexcementedjointunderthe16-poundloadme
presentedinfigures8 to 14. ~ese curvesrepresenthefirst
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attempto obtainormalandshearstressdistributionsthroughouta
lapjointby therubber-analogmethod.(Themethodofcanputingthe
normalandshearstressesisgivenInappendixA.) A qualitative
summaryofthesedistributionsisshowninfiguresL?and13,where
regionsofessentiallyequalstressareconnectedby continuouscontour
lines.
Thenormalstressdistributionacrossthehp isplottedforeach
rowofthegridinfigures8(a)to8(f).Thecurvesindicateuniform
stressesacrosseachsheetthicknessforregionsat theextremitiesof
thejointandrapidlychangingstressesnearthefayingsurface.They
showa gradualchangeindistributicmuntil,ata sectionabouthalfway
alongthelengthoflap,thenormalstressdistributionbeccxnesnearly
uniformacrossthethictiessofthelap. Maximumnormalstressoccurs
at theloadedendsofthelapandisaboutequaltotheaveragenormal
stressforthesinglesheet.Maximumshear-stressoccursonthefaying
surfaceneareachendofthejoint.
Theexperimentaldatausedforfigures8(a)to8(f)arecross-
plottedinfiguresg(a)tog(d).Proceedingfranthefreeedge,the
normalstressdistributionfrcmfreeendtoloadedendvariesquite
linearlyatfirstandthenchangesgraduallyuntilthedistributimis
nearlyuniformalongthefayingsurface.Theuniformnormalstressdis-
tributionalongthefayingsurfaceandacrossthelaphalfwayalongits
lengthaccountsforthecrosslikedistributionpicturedinfigure12.
Thedistributionfshearstressacrossthelapispresentedfor
eachrowofgridinfigures10(a)to10(f).Thevaluesofshearstress
risenearlylinearlyfromlowvaluesnearthefreeedgestomaximumat
ornearthefayingsurface.Theexperimentalcurveoffigure14isa
crossplotoftheshearvaluesat thefayingsurface.Althougha closer
spacingofthegridmightyieldmoreconsistentdata,valuesfromthese
fairedcurvesareusedinthisinvestigation.Themaximumshearstress
alongthefayingsurfaceoccursattheendsofthelapandtheminimum,
halfwaybetweentheendsjandtheexperimentalp otofstressclosely
agreeswiththetheoreticalcurvesoffigure14 indistributiona d
magnitude.Thee~rimentalcurveindicatesa maximumshearstress
about30pe-rcent~eaterthantheaverage(load/cementedarea)and
about70percentfieaterthantheminimum.Aswouldbe e~cted from
thisagreement,thetheoreticalcurveindicatessimilardifferences
amongthemaximum,minimum,andaveragestresses.
Cross-plottingthee~erhnentaldataoffigures10(a)to10(f)
yieldsa distributionfshearstressalongthelap(figs.I.l(a)and
n(d)). ColumnsC,D,E,andF, inthevicinityofthefayingsurface,
havemaximumandminimumvalueslocatedatpositionsimilarto those
alongthefayingsurface.IncolumnsA, B,G, andH thereverseis
true. Thischangeinlocationofmaximumstressesaccountsforthe
differencein characteroftheHnes ofequal-stressdrawnInfigure13.
A
.
—
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.9 An investigationfthestrength
(ref.14)indicatestheexistenceand
trationsat theendsofthelapjoint
9
ofgluedJointsmadeby DeBruyne
importanceofthestressconcen-
andemphasizesthenonlinear
1 variationoffailingloadwith-&ngesin laplength.Theconcentration
of stressprobablyinvolveslargeshearstressesplussizeabletrans-
verse“tearing”stressesacrossthecement.Go-d andReissner
(ref.15)aswe~ as Jenkins(ref.16)agreewiththisidea. Experi-
mentalverificationfthetypesandmagnitudesofthestressesis
desired,andultimatelyrequired,butnotyetavailable.Evidenceof
shearstressconcentrationneartheendsofthelapintherubber
analogcanbe seeninfigure13,butsufficientdataarenotavailable
to showquantitativelyor qualitativelytherelativeratiosofthe
tearingandtheshearingstresses.
Theloadsatfailureinthetestsofthecementedmagnesiumlap
jointme showninfigures7(a)and7{b),butno dataareincludedto
showthestrainsindicatedby thephotogrid.Thegridwasphotographed
withandwithoutloadandtheresultswereenlarged.Displacementswere
so small,however,that,whenthescaleofenlargementwassufficient
a to showthem,theLLnesofthegridweresogreatlymagnifiedthat
accuratemeasurementscouldnotbe madefromthem. Failureofthebond
didnotoccuruntiltheyieldpointofthemetilwaspassed.Themag-
.
nesiumusedinthesetestsmetArmy-NavyspecificationAN-M-29~ A
andhada yieldofabout22,000psi. Shearstressnesrtheendofthe ‘-
bondatmaximumloadwasabout3,9W psiforthedcniblelapspecimens.
Cementedjointsformedwiththin-gagemterialsoftendonotfailuntil
theyieldpointofthemetalhssbeenreached,hutitwasnotantici-
patedthatthecementwouldtransmitso largea loadinthecaseof
heavy-gagematerial.
M a materialhavinga higheryieldpointthanmagnesiumhadbeen
used,thejointsmightnothavefaileduntilthatmetalyielded,but
insufficientdataareavailableto establishthisas fact;hence,it
csmnotbe determinedwhetherthefactorprducingfailureintheadhe-
siveisa criticalrateofchangein strainora criticaltotalstrain.
TheReduxcementusedinthesetestsappearedtobe a ratherbrittle
materialbutonehavinghightensileandshearproperties.Thethick-
nessofthecementwasbetween0.005inchand0.008inchandaverage
shearstressesbetween2,000and4,000psiweredevelapedacrossthe
thinlayers.
Thecementedjointfailedimmediatelywhenthemagnesiumreached
itsyieldpoint,withseparationoccurringat theendofthejointaway
fromthefreeendofeachmetalpiece.Ihthesinglelapspecimens,
theadditionalstressesdueto smll bendingor tearingforcesintio-
.
ducedbecausetheplaneof thefayingsurfacedidnotcoincidewiththe
linesofactionoftheloadsapparentlycausedfailureata lowerload
andstressthanwasthecaseinthedoublelapspecimens.Nowarning
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ofimpendingfailurewasgiven,buta slightcrackingsoundcouldbe
heardtheinstantbeforethe%ondfailed.Thecementusedhada high
creeprateanditwasfoundthata constantlowrateofloadapplica-
tionhadtobe maintainedtoholdthespecimenat a definiteload.
Sincethetransferofloadbetweentwometalpiecescemented
togetheroccursprimarilyby shearingforcesin theplaneofthecement,
theshearingstressdistributionalongthefayingsurfaceappesrstobe
offirstimportancein thedevelopmentofa theorytobe usedas the
basisofa designprocedure.Thesimplifiedmathematicalnalysis
includedinthisrepart,appendixB,wasdevelopedwiththisinmind,
andtheresultsfromthetestsofthemetalspec=ns,whencompared
withthetheoreticalformulbs,areingoodagreement.Thecorrection
betweentheoryande~erimentappearsufficientlyclosetowarrant
additionalexperimentationonmetalmcdelsofdifferentlaplengthsand
loadingconditionsforseveraldifferentcementsandmetab.
Itisbelievedthatdataback-figuredfromspecimenshavingjoint
lengthsgreatenoughtofailat essentiallyconstantloads~ be used
forthepredictionofthefailingloadstobe expectedonshorterlap 9
lengths.Thedataavailableshowthata reasonableapproximationmay
.. be expected,buttheysrenotadequateto indicatetheprobablerror
-. involvedwhenstressesonthelongerjointsexceedtheproportional
.
f’ limitofthemetalwhilethoseontheshorterjointsremainwithinthe
elasticrange.Itisprobablethattheparsmeterk back-figured
fromtestsinvolvingplasticdeformationfthemetalwill,whenused
inthetheoreticalformulas,yieldunsafevaluesforpredictedfailing
loadsonjoints tressedbelowtheproportionallimit.Theextent o
whichthisistruehasnotyetbeendetermined.
IhappendixC, considerationisgiventheincreasesin stressin
thecementwhenbendingoccursin oneofthesheetsina singlelap
jOint. Theanalysisisapproximateandapplicableonlyto jointshaving
sheetsofequalthiclmess.
RIVETEDJOINTS
Ithaslongbeenacceptedpracticeintiedesignofrivetedjoints
toassumethata loadhavinga lineofactionpassingthroughthe
centroidoftherivetgroupisdistributedunifornilyamongtherivets.
Thisassumptionistenableforstaticultimteloadsonjointsin
ductilemateriati.Itisnotacceptabkfortheanalysisof joints
loadedintheehsticrange,norfortheless-ductile,high-strength
alunrhmunalloys.Rosenfeld(ref.17)foundanalyticallyandexperi-
mentallythattheloadona rivetedjointisnotequallydistributed
amongtherivetsbutthattheendrivetscarrya greaterportionof
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.*.\ thebad thantheinnerrivets.HillandEolt(ref.18),Jenkins
(ref.16),andWisseiff,Hartman,andWore (ref.19)obtainedexperi-
.
mentalresultsconfirmingthisnonuniformloaddistributionamong
rivetsina multirivetjofntandpointedoutthat,as theultimatebad
isapproachedfora rivetedstructure,theloadisredistributed
equallyamongtherivets.Sincemostrepeatedordynamicloadsasso-
ciatedwithfatigueinaircraftprducestressesbelowtheelastic
limitofthematerialsinthejoint,itis imperativethata more
accurateprocedurebe establishedfordistributingloadsmongrivets
whichareusedingroups.
Spot-weldedorboltedconnectionssreanalogousto,butnotiden-
ticalwith,rivetedjointsinthattheloadactingona groupisnot
distributeduniformlyto allelementsinthegroup.Iocalstresscon-
centrationsa socia= withweldingsmdwiththeplayinboltsdiffer
fromthoseoccurringtithrivets,butit isbelievedthata practicable
designprocedurewhichindicatesa safeandsatisfactorydistributicm
ina rivetedconnectioncanbe modifiedwithoutexcessivedifficultyto
applyto spotweldsorbolts.4
Becauseoftheirdiscontinuousnature,suchjointspresenta more
clifficultproblemthandoesonemadewithcement,andsolutimsbased
.
onthecalculusoffinitedifferencesmaybe requiredinplaceofthose
foundby infinitesimalcalculus.Itseemsprobable,however,thatthe
endrivetsina linewillbe loadedmoreheavilythanthosenearthe
center,justasa cementedjointtransmitsa heatiershearstiessnear
itsends. For“afirstapproximationto thedeterminatimofthedistri-
bution,itthereforeseemsreasonableto considernthodsofmcxiifying
thecemented-jointformtisto indicatetheloadscarriedby individual
rivets,bolts,or spotweldswhenthestressesproducedby staticloads
arewithintheelasticrange.
Ifsuchmethodscanbe found,theyshouldbe usefulintheapprox-
imatesmd.ysisof jointssubJettedtorepeated-ordynamic-forcesystems.
E adequateforsuchpurposesandsimple noughtobe practicablein
routinedesign,theyshouldbe helpfulintheanalysisof jointssub-
jectedtofatigueconditionsuntilfurtherstudycanbe giventhe
effectsofeachof”thevariablesinvolvedinthisverycmplexproblem.
Availablefatiguedata,forthemostpart,lackdimensionsor other
informationrequiredinan analysisbasedonmodificationsofthe
cemented-jointformulas,buttheresultsfrcena verylimitednumberof
specimensindicatethatsuchananalysisisfeasible.
Theresultsoftheinvestigationreportedhereinindicatethat
muchcanbe learnedas to localbending,localstressconcentrations,
. andsimilarfactorsby theuseofa foem-rubberanalogsubjettedto
staticloadings. AlldeformationsaregreatIyexaggeratedin suchan
analogandeffectsthatmightpassentirelyunnoticedina metalspec-
. imenshowup asfactorstobe consideredwhenseeninrubber.
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SinceFoemexandsimilarubberscanbeflrocuredwithan essentially -1
straightlinerelationbetweentinsilestress–andstrainovera reason- .—..—
ableworkingrange,andsincetheymaybew~-kedandX-rayedwithout &
greatdifficulty,theyshouldbe veryusefulinfuturestudiesoftensile
loaddistribution.Becauseoftheirporoustexture,fosmrubbersdonot
behaveldkeisotropicsolidsunderccnnpressiveladings;hence,theymay
notnudceperfectanalogswherecompressionW. shearorbotharesi~ifi-
cant.Wherestressesarepredominantlytensile,aswiththeriveted
jointsinvestigatedherein,itisbelievedthattherelativedeformatims
ofthesheetsbetweenrivetsarecorrectlyindicated.Toattemptstiain
measurementsofivesignificantfigureswould,ofcourse,notbe justi-
fiable,buttobe abletomeasuretherewitha footrule,ora scale
dividedtntohundredthsofan inch,isa featurenottobe passedover
lightly.
TestProcedure
TwoexperimentalrubbermodelswereconstructedforpreWninsry
tests,a single-anda triple-rivetdoublelapjoint.Thedeformations
ofrivetsandsheetsundervarioustensileloadswereindicatedby
markersandrecordedby X-rayphotography.
.-
F’
Thesingle-rivetlapjointoffigurela(a)wasmadefrcmsheetsof
Foamex5 incheswideand16incheslong.me jointconsistsofa l-inch
Foamexinnersheetwithtwooutersheetsof.1/2-incht iclmess.The
triple-rivetmcdelwassimilarlyconstructedxceptthatthesheetswere
twiceas long.Rivetholes 1 inchesindiameterwithedgedistances%
“ twicetheholediameterwerecutby a speciallydesignedtool. Shanks,
% inchesindiameterand1:incheslong,werecementedtoroundheads
1 inchesindismetertoformFosmexrivets.Theabovecombinationf%
dimensionsgavesomewhatheeffectofa drivenaluminumrivetand
helpedto s~bilizethemodel.Theserivetedmoiielsweremountedin
thetensiletestapparatusoffigure1 inthesame’manneraswerethe
cementedmdeh. .-
Cottonthreadsoakedin leadnitrateandthendriedwereplaced
alongthecenterlineofthemcdelparaU.eltotherivetshanksand
alongthecenterlineofthel-inchsheetperpendicularto theshanks.
Tnsertionofthesethreadswasmadepossibleby firstpassinga small
hollowneedlethroughthemodelatdesiredlocationsandthreadingthe
cottonlinethroughtheneedlebeforewith~awaloftheneedle.Because
oftheir.flexiblenaturethesethreadsofferedlittlebendingrestraint —
butdidrestrictlongitudinaldisplacementoftherubber.WhenX-rayed,
8.
thesethreads,thesheets,andtherivetswereallvisiblecmthe
.
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negativewhentheproperX-rayvoltageandexposuretimewereused.
Figures15(a)and15(b)aretracingsfroman X-raynegativeofthe
single-rivetjointundera 5-poundtensileload.
Basedontheresultsofthesepreliminarytests,a thirdmodelwas
constructed.Thiswasdesignedfortworivetsbutwasproportionedso
thatit couldbe convertedintoa three-rivetmodel.Anymajordiscrep-
ancybetweentestresultsofthetwo-andthree-rivetspecimensarising
fromslightvariationsfoundinrubbersheetsfrm thesamemanufacturing
processwereeliminatedby thismeans,butminoreffectsresultingfrom
variationsinrivetpropertieswerenot. Thedeformationsofrivetsand
sheetsundervariousloadswereindicatedby an imprwedmarkingsystem
andrecordedby X-rayphotographyasbefore.
me modelwasmadefromsheetsofFoamex5 incheswideand26 inches
long. Thejointlapconsistedofa 1* -inch-thicksheetwithtwoouter
L inchesindiameterwithsheetsofl/2-inchthiclmess.Rivetholes5
edgedistancestwLcetheholediameterwerecutwitha specialholesaw.
Shanks,Ii inchesindismeterandl? incheslong,werecementedtoround
heads ~ inchesindiametertoformFoamexrivets.Thelengthofthe
%
rivetshankwaschosentodevelopscmetensionintherivetandtopro-
ducea clampingactionontherubbersheets;thedi~ter waschosenso
thattherivetshankwould“fill”thehole. A plainround-headrivet
wasusedsinceothershapesdidnotprovidenoughstiffnesstoprduce
satisfactoryclampingaction.ThisctiinationofdimensionsgavesonE-
whattheeffectofa “tight”aluminumrivetsndhelpedto stabilizethe
model.
Themarkersusedto indicatedeformationsin thesemcdelsconsisted
ofbothfinecottonthreadsoakedinleadnitrateasbeforeand
l/@k-inch-dismetersteeldrillreds. Boththreadandsteelrodwere
insertedby thehollow-steel-needlemethd. Thelocationofthese
mrkersacrossthewidthofthel-inchandl/2-inchsheetsisshownin
figure16. b ordertoidentifytheindividualthreads,andalsothe
steelra.is,a systemofhots wasemployed.Startingat oneedgeof
therubbersheet,thefirstthreadcontainedno hots, thesecondhad
one,andsoforth,withthefifththreadcontainingfourknots.The
steelrodswereinsertedhalfwaybetweeneachpairofthreadsandhalfw-
ay betweentheouterthreadsandtheedgeof therubber.!l%eccmMna-
tionofleadedthreadsandsteelrodsofferedno restraintagafnstlocal
bendingdeformationrlongitudinaldisplacementoftherubber.Threads,
rods,sheets,andrivetswereall‘tisibkontheX-raynegativeswhen
properexposuresweremade.
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Therivetmodelwasplacedinthetestingmachineoffigure1 with &
oneendheldfixed.Weightswereappliedto-theotherendandwerefree
tofindtheirequil.ibriumpositionsothatpuretensileloadingwas —
appliedtothespecimen.A l/32-inch-df-tersteelmarkerwasinserted 5
inthel-inchrubbersheeta shortdistancefromtheothermarkersand
thiswasusedasthereferencepointforaliningtheX-raybeam. The
X-raymachineusedemittedraysfroma pointsource,sndby settingthe
headona horizontallinewiththereferencemarker,therayspassing
throughallothermarkerswereinclined.Therelativedisplacementsof
adjacentmarkersinthejoint~ea wereamplifiedby theparallaxof
theinclinedrayssothateachthreadandrodcouldbe readilyidentified
ontheX-rayfilm.
Thephne oftherubbermcdelwasarientedsothatthereference
markerandthethreadhavingno knotswereneartheedgeclosestothe
X-rayhead. Thethreadhavingfourknots@ theX-rayfilmcontainer
wereneartheedgefarthestfromthehead. Thefilmcontainerwasas
closetotheedgeofthespecimenaswaspossiblewithoutinterfering
withthedisplacementofthemodelunderload.’
A.
Sincetheimagesofthemarkerswereprojectedontothefilmby
inclinedrays,correctionshadtobe madetothedisplacementsmeasured
onthefilmin ordertoobtainthetrue“elongations!’betweenthemarkers““ -
inthemodel.Thesedisplacementsweremeasuredwitha scalegraduated
intohundredthsofan inchandcorrectedby theprocedureoutlinedin
appendixD. Theresultingstrainswereconvertedto stressesandthe
loadsonthesheetsbetweenrivetswerethenobtainedby summingthe
stressesoverthewidthandthicknessofeachsheet.Thedifferences
in loadscarriedby sectionsabovead beloweachrivetweretakenas
theloadontherivet.
Type-ME%tmanKodakX-rayfihnwasfoundto givesatisfactory
results.Thesteelmarkersandcottonthreadshowedupwellwithan
exposuretimeof135secondsona 17-by 13-inchnegative.A Picker
150-kilovoltportableX-rayunitwitha MachletThermaxTubewasused
inthesetests.Thevoltageusedwas40-kilovolta 8 milliamperes.
Thesizeof jointandtheloadsthatcanbe employedaredirectly
dependentonthesizeoffilmavailabk.
ResultsandDiscussion
Thepreliminary,exploratorytestswereusedtoevaluatetheX-ray
techniqueforstudyingthebehaviorofriveted$oints.Nomeasurements
weremadeonthesemodels,butgeneralobservationswererecorded.
worna considerationofthesingle-rivetedlapjoint(figs.15(a)
andl~(b)),thefollowingobservationsaresignificant:
—
—
.
—
.-
.
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(1)Thecross-sectionalareaoftherivetshankchangesfrcmcircu-
lartoellipticalundertheinfluenceofthebendingandshearingforces
exertedby thesheets.Likewise,therivetholesintheinnerandouter
sheetsaredistorted.TheseshapechangesundoubtedlyIndicatehrge
localstressconcentrationsandgradients.
(2)Thel/2-inchsheetssepsratefromthel-inchsheetat their
freeendscausingbendingacrosstherivethole. Thisisbelievedto
exphinfatiguefailuresthroughtheholesnearthe‘*unloaded[’ndsof
rivetedjoints.
(3]Rivetheadsareccxnpressedwheretheybeerintotheouter
sheetsonthesideoftheholeawayfromthefreeendsofthesheets.
Thisactionmayaccountforrivet-headfailuresunderrepeatedloads.
(4)Thereisevidenceof compressionbetweentheinnersheetand
outersheetsintheregionnearthefreeendoftheinnersheet.Some
oftheloadistransmittedby frictiononthefayingsurfacesothat
thestressesproducingconcentrationsaroundtheedgesoftheholeare
notconstantoverthethicknessofthesheet.
(5)!lktendencyoftherivetheadstopullthroughtheouter
sheetsindicatesthepresenceoflargebendingeffectsintherivetand
compressivestressesinthesheetunderpartof therivethead.
Thetriple-rivetedlapjointdisclosesthefollowingadditional
information:
(6)Largedistortionoftheendrivetsindicatesthattheyare
-i% a l-argerpartoftheloadthantheinnerrivet.
Furthertestswerecarriedoutonimprovedrivetmodelsto obtain
stressandloaddataonthesheetsandrivets.tia two-rivetjoint,
eachrivetcarrieshalftheloadandtheloadisdistributedinthe
sheetsbetweentherivetsas showninfigure17(a).IiIa three-rivet
jointtheloadisnotuniformlydistributedamongtherivets,theusual
designmethod,buttheouterrivetscsrrythegreaterportion,withthe
innerrivetMghtlyloaded.Theresultforoneloadconditionona
three-rivetmodelis showninfigure17(b).
Theouterrivetscarrybetween35and40 percentoftheload;the
inner,about25percent.Resultsofseveraltestsindicatethateach
outerrivetina three-rivetjointcarries36percentoftheloadand
theinner,28percent.Thesefiguresxeinverycloseagyeementwith
thosefoundexperimentallyby FTancis(ref.7) ona three-rivetaMminum-
alloyjointwhoseouterrivetseachcarried37.5percentoftheloadand
theinner,25percent.Thenonuniformload-carryingcapaci~ofrivets
ofa multirivetjointwasfurtherdemonstratedxperimentallyby l?rancis
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ina 12-rivetaluminum-alloyjoint.lhtheelasticrangetheoutertwo &
rivetseachcarried15.5percent,whiletheinnerrivetseachtook
3.75percentoftheload. 1 6
Thesignificanceofthisnonuniformloaddistributioni a multi-
rivetjointisnotsoevidentintermsofpercentagesa itiswhen
thesefiguresareconvertedtoa multipleoftheloadthateachrivet
shouldcarryifloadeduniformly.Forthethree-rivetjointundera
load P, eachrivetisassumedto carry0.335Pby theusualdesign
procedure;however,fromtherubbersnalogi@eouterrivetscarry0.375P _
andtheinnerrivet,0.25P.Eachouterrivetthereforetakesabout
1.2.5percentmorethantheaverageandtheinner,about25percentless
or,onanotherbasis,theouterrivetscarry1*timestheloadonthe
innerrivet.The12-rivetmetaljointshowsthattheouterrivetscarry
fourtimesthelosdcarriedonthosenearthecenterofthejoint.Under
repetitiveloadsorreversalsofstress,a rivetedjointofthisnature
willbe subjectofatiguefailureintheouterrivetsbecauseofthe
muchlargerloadsat theselocations.HillandEolt(ref.18)suggest
that,undersuchconditions,theunusualoaddistributionsamongrivets u
mustbe takenintoaccoumtfora rationalde~ign.Theabsurdityof
correlatingstaticorfatiguestrengthsonthebasisof “average”loads
isapparent. *
Theloadsontherivetsintherubberspecimensweredeterminedby
measuringstrainsinthe1-andl/2-inchsheetsatthelocationsbetween
rivetsshowninfigure16. Dataofonerunforthetwo-andthree-rivet
modelaregivenintableIV. Iargegagelengthswereusedformeasuring
strainsbecauseofthelowmodulusoftherubberandmethd ofmeasure-
mentemployed.Theloadingontheentiremdel wascheckedby determining
strainsinthel-inchsheetata locationfreefromstressconcentrations
inducedby thegripsorthejointitself.Iheachcasetheloadonthe
modelas calculatedfrcmthesestrainscheckedtheactualloadwithin1
—
or2 percentandindicatedthatthemethodgfstrainmeasurementwas
satisfactory.Byrepeatingthisoperationseveraltimesfordifferent
loadsandcheckingeachtime,theeffectsofhysteresiswerefoundto
be negligible.I?Yomtheloadsonthesheetscomputedfromstrains
measuredat sectionsbetweentherivetsandtheknownloadonthemodel}
theloadcarriedby eachrivetwasdetermined.Theloadoneachsheet
.-
wascomputedindependentlyfromthedisplacementsofthemarkersat
threecrosssections,eachlocatedwherethelocalstraineffectsof
therivetandrivetholeweresmall.Thestressesforeachindicator
weremultipliedby theareaassociatedwithit;then,theprcductwas
totaledacrossthesectionas showninappe@ixD togivetheccmputed
load. Thisshouldequaltheloadappliedto thespecimen.Theresults
checkedfairlywellforthetwo-rivetmcxlelbutnotsowe~ forthe
three.Themissingloadcanbe accountedforpartlyby frictionbetween ‘
thesheetsandpartlyby theaccuracyofthemethcxlofmeasurement.The
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5 gagelengthandelongationbetweenanytwo
differentrowscouldbe readtothesecond
correspondingnarkersin
ecimalplace,butaccuracy
to thethirddecimalplaceisdesirablebecausesmall.differencesT betweenessentiallyequalnumbersareinvolved.Thediametersofthe
m.rkersdefeatedanyattemptomakereadingstothethirddecimalplace.
Thetensilestressdistributionsacrossthewidthofthesheets
betweentherivetsinthetwo-andthree-rivetjointsunderloadare
showninfigures18and19. Thestressescomputedfromthestrainsfor
thethreegage-lengthlocationsareplottedforthe1-andl/2-inch
‘sheetsforthetwo-andthree-rivetmodels.Theaveragestressforeach
plottedcrosssectionisalsoshownwiththesecurves.Forbothmodels,
thestressesacrossthesheetsreacha maximumneartheedgesanda
minimumnearthecenter.
Inthetwo-rivetmcdels,theaveragestressforthethreegage
lengthsofthel/2-inchsheet1 aregreaterthanthosefor& l/2-fichu
sheet2 as showninfigure18. Theloadonl/2-inchsheet1 isappar-
entlygreaterthanthatonthel/2-inchsheet2. Smallmisa~nements
E oftheholesbetweenthe1./2-inchs eet1 andl/2-inchsheet2 andthe
l-inchsheetanddifferencesinrivettensionarebelievedto causethis
nonuniformelongationofthel/2-inchsheets.TheX-raytracingin
. figure20(a)showsthiscondition.Sincedifferencessretobe e~cted
indrivenmetalrivets,therubberanalogindicatesvisuallysaneofthe
possibleffects.
Themaximumstresswhichoccursneartheedgesforallsheetsis
aboutl;timestheaverage,whiletheminimumstressnearthecenter
~ne i.sabouthalftheaverage.Theeffectof therivetholesand
rivetsonthesheetsbetweentherivetsseemstobe thessneonthe
1/2-andl-inchsheetswhenunderload. H theconibinationofrivet
holeandrivetunderloadcausesthestressat thecenterofthesheets
tobe one-thirdofthatneartheedge,as itappearstobe inthese
rubberm6dels,theresultingstressconcentrationsmayexplain,inpart,
thepoorfatiguestrengthsofrivetedconnections.
h thethree-rivetmodelthetensilestressesacrossthefidthof
thesheets,togetherwiththeaveragestresses,areshowninfigure19.
Theloadonthel/2-inchsheet1 isagaingreaterthanonthel/2-inch
sheet2 as shownby theaveragestresses.Thestiessesforthe
l-inchsheetbetweentheupperrivetsareconsiderablyargerthanfor
thel-inchsheetbetweenthelowerrivets.Thereverseistrueforthe
l/2-inchsheetswherethelargerstressesoccurbetweenthelowerrivets.
TheX-raytracinginfigure20(b)showsthiscondition.Thesmaller
loadsonthel/2-inchsheetsoccurnearsectionsMN,NO,andOP
(fig.17(b)’)whilethelargerloadsOCCUrnearsectionsFG,GE,andHI.
On thel-inchsheet,thesmallerloadsareat sectionsFG,GH,andHI
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andthelarger,at sectionsMN,NO,and0P. Thecombinationfrivet F.
holeandrivetagainprducesthesamestress-concentrationeffectunder
loadas itdoesinthetwo-rivetmodel.Theminimumstressnearthe
centerofthesheetisaboutone-thirdthemaximumstressneareachedge. K
Thethreadsinthee~rimentalrndelsapparentlycarrieda portion
oftheload;whentheywereremovedthebendingactioninbothsheets
andrivets(observationsmadeatbeginningofthissection)wasmore
pronounced.
Failuresinfatiguethrougha rowofrivetholesneara freeedge‘
(fig.21)intheouterplatesofa lapjointmaybe e@ained by obser-
vation(2). Underrepeatedloadingthefreeendscontinuallybendapart
andstrai~tensothatthenetsectionthroughtherivethole,withits
severalpossiblestressconcentrations,quicklybeccmesa victimof
fatigue.Withlocalshearandbendingdisplacementsalongthelength
oftherivet(fig.15(a)],itisimprobablethatthestiessdistributia
isconstanthroughoutthethicknessofthesheet.Itseemsmore
probablethatstressconcentrationsaroundthecirc~erenceofeach
rivetholeexceed,insomepartsofeachsheet,thevaluesobtaitifrom a“
theoryorfrcmphotoelasticstudiesbasedonuniformdistributicm
throughoutthethicknessofthesheetoronuniformlearingalongthe
lengthoftherivet.Thisbendingapartofthecoverplatesinaluminum- -
alloyjointshasbeenreportedby fiancis(ref.7),butsucheffectsas
nonuniformbearingbetweenrivetandsheetarenotapparentinmetal
testspecimens,norcantheybe measuredwhentheirpresenceissuspected.
%causeofthebehaviaoffosmrubberin compression(beuing)these
effectsarenotdeterdnabkquantitivelyinrubber-analogspecimens~
buttheirexistenceisindicatedqualitativelyby theX-rayimagesof
thedistortedsheetsandrivets. —.
Thedistortionofthecross-sectionalareaoftherivetshank
(observation(1))andthedistortionoftherivethead(observation(3))
underloadindicatethesevereconditionsthata rivetundergoes.
Failuresinrivetheadsandrivetshanksinfatiguecanbe tracedto
suchstrains.Itisnotonlya questionoftheloadappliedtothe —
rivetbutoftheinteractionftheplatesandrivetsononeanother.
-.
Iocalfailureofsheetmaterialaroundrivetheads,wheretherivet
headspullthroughtheccwerplatesunderloading,maybe exphinedby
observations(4)and(5).
Observation(6)wascheckedexperimentalJ.yasprevious~explained..
Thevisualindicationofthebentrivetswiththeirverypronounced
differencesinamountofbendingleavesno doubtthattheloaddistribu-
tionisanythingbutuniformina multirivetjointloadedtoproduce
stressesintheelasticrange.
Y
.
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Thefactthatdesignersdesiremethodsthatrelatethefatigue
strengthsofrivetedjointstotheirstaticstrengthshasledengineers
totryto correlaterepeated-loadtestdatawiththeresultsofsingle-
app13.cationl adswhichwereincreaseduntilthejointfailed.Such
attemptsat correlationhavebeenunsatisfactory,andthereareat least
threereasonsforthis. Ihthefirstplace,mostrepeatedloadscause
stressesintheelastic’rsngeandresultindifferentdistrfbuticmsof
loadamonga groupofrivetsthanthedistributionsfoundwhenpartsof
thejointarestressedintheplasticrangesothatoverstiessedareas
undergodisplacementswhichtendto equalizetheloadsactingonthe
rivets.Effortsto correlatedatafromtwojoints,onehavingtworivets
andtheotherthree,areobviouslyfruitlessifeachrivetinthetwo-
rivetassemblyisassmedto carryone-halftheloadwhileeachonein
thethree-rivetjointtakesone-third.Themoststiessedinthelatter
groupwillprobablycarryaboutthree-eighthsoftheloadandthatwill
notbe transmittedto thesheetinanysimplemanner.
Effortsto obtaincorrelationby includingstressconcentration
factorscompu~ ontheassumptionofa uniformdistributionfstress
throughoutthethiclmessofa rivetedsheetwouldalsoappeartobe
fruitlessifthebesringbetweensheetandrivetis concentratednear
thefayingsurfaceas isindicatedby themibberanalogorifstresses
ofappreciablemagnitudereprcducedinthesheetneartherivetholes
by thebendingofthe“free”endsofthesheet.Suchfactorshavenot
beenconsideredinthepastnoraretheresufficientdatainhandfrun
thetestson therubberspecimenstopermitquantitativeevaluationd
thematpresent.Evidenceoftheirexistencehas,however,been
obtainedandfurtherstudytillundoubtedlyeadtomethcd-sforevalu-
atingtheireffects.Untilrationalprocedureshavebeendevelopedto
takesucheffectsintoaccount,littlesuccesscanbe e~ectedfrcm
correlationsoftestdataobtainedfromjointshavingdifferent-ange-
mentsof ~’identical~:rivets.Theneglectedvariablesintheproblem
are,apparent~,notnegligible.Thereareprobablyothersnotbrought
outby thesetests.
Itisalmostcertain,thoughno testshavebeenmadeto showit,
thattheheadsofcountersunkrivetswouldhavedifferentclamping
effectsfromthoseoftheroundheadsusedin thesetestsamd,hence,
thatthebendingoftherivetshankandthedistributionfbearing
stressalongitwoulddifferfrcxnthoseoftherivetstested.Itis
equally.probablethatrivetswhichaxedrivenhot,whichshrinkwhen
theycoolandclampthefayingsurfacestightlyenoughto transmit
partoftheloadby frictionbetweensheets,willalsoprtiucediffer-
encesintheprimaryfactorsaffectingbad distributiona dinthe
secondaryeffectswhichproducelocalstressconcentrations.Thereexe
q factorsyettobe determined-quantitativelythataffectthestatic
strengthsandendurancelimitsofriveted,bolted,or spot-weldedJoints,
but it isbelievedthattherubberanalog,withitsgreatlyexaggerated
deformations,canbeveryhelpfulinindicatingwhichofthepossible
variablessresignificantandw~ch areunimportant.
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Theloaddistributionamongtherivetswasthesimplestactionof .-.
thejointthatcouldbe determinedquantitativelyhy directmeasurement
of localdisplacementsontherubberspecimens.Attemptstomeasure
otheractionswerecmwpl.icatedby locatingmarkersothattheycould. ~
be readilyidentifiedontheX-raynegativesorby theneedto overcome
problemsassociatedwiththethree-dimensionalnatureofthestress
concentrationfactors.Despitethis,theabilityto seewhathappens
withinthepartsofa rivetedJointunderloadpermitsqualitative
evaluationofeffectswhichmustbe consideredifdesignmethodsareto
be revised.CarefuluseofX-rayphotographywillproducenegatives
frcmwhichthecomplexinteractionsofsheetsandrivetsrepresentedin
therubberanalogcanbe clearlyseenandstudied,and,ifthetest
apparatusisconstructedsothatthemodelcanbe X-rayedinbothplan
andedgeview,a fairlycompleteindicationoftheJointbehaviorunder
loadmaybe obtained.
Noattemptwasmadetovarythegeametryofthejointby changing ‘
rivetsize,rivetspacing,stxqgger,sheetthickness,sheetlength,and
soforth.Theround-headrivetwastheonlytypeusedbecauseofthe
lowstiffnessofthisfoemrubber.Stifferubberscanbe obtained, “
butno studiesweremadewiththem.Thetwo-andthree-rivetdouble
lapjointswereselectedbecausetheyrepresenteda typeofjointin
generalusethatwoti yieldinformationrepresentativeofmultirivet
.
jointswithouthestressconcentrationsduetobendingwhichwouldbe
expectedina singlelapjoint.Thissaneme, withfourormore
rivets,wasconsideredfortests,butthelimitationsoftheX-ray
eqyipmentavailablepreventedtheuseofthelongerspecimens.Only
onerivetwasusedineachrowsinceres~tsfromactualmetaljoints
indicatethattheloaddistributioni a rivetedjointhavingseveral
linesof severalrivetseachisessentiallyidenticalineachline.
Themarkingsystemandinterpretationof.datawereobviouslysin@ified
by thiSme~S.
Theuseofa rtiberanaloginthestudyofrivetedjointsissub-
jectto certainlimitations.Thetensilemcihil.usofthe?nibberisM
theorderofone-millionthofthatofaluminumalloysandtheshear
modulus,.oftheorderofonetwo-millionth.Tensilestressesinthe
rubberareaboutonefive-thousandthofthoseinanaluminum-alloy
joint.Poisson’sratiois closetothevalueforaluminumalloysbut
isdirectionalsothatsomeeffectsexedistorted.Thelowmahli
causealleffectsina rubbermdel tobe exaggerated,whereasthelow
stressestendtoreducedisplacements.Themoresignificanteffects
aremagnifiedintherubbersothattheyareabout500timesthosein ‘
themetal.Foamrobberisbestusedintensionmodelssinceits
abilitytoresistbucklingundercompressiveloadingisverylowand
itsmodulusofelasticityin compressionisnotthesameas itis in
tension.me-loadona rubbermodelmustbe keptsmallto insurethat
thestressdoesnotexceedtheelasticlimit,yetenoughloadmustbe
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usedto overcomeanyslackinthetestsection.Itwasfoundfromtests
thatthemodeldidnotbehaveproperlyiftheloadwastoolowandit
wasfoundnecessarytouseloadenoughto insurethatallslackwouldbe
takenup.
Conclusions
Exploratorytestsusingtherubberanaloghaveprovidedanother
meansofstudyingtheactionofrivetedjoints.llhemodelsalloweda
closerstudyoftheinteractionsofpsrtsofthejointbecauseoftheir
greatlyexaggerateddisplacementsandbecausetheX-raymethodshowed
whathappenedinsidethesheetsandrivets.Thefollowingconclusions
havebeenreachedfromtheresultsofthesetests:
(1)b a multirivetjoint,a loadintheelasticrangeisnotdis-
tributeduniformlyamongtherivetsina line. k outerrivetscsrry
a largepartofthatloadandtheinnerrivetsarelightlyloaded.
(2)Themaximumstressesacrossthesheetsona crosssectionofa
jointbetweenrivetsoccurneartheedgesandareabout1*timesthe
averagestressonthatsection.
(3)Thereisa tendencyforthecoversheetstobendapartat their
freeendsunderload.Thiscondition,coupledwiththestressconcen-
trationsoccurringintheendrivetholes,probablyexplainsthecamnon
fatiguefailureofthesecoversheetsoncrosssectionswhfchpass
throughtheendrivetholes.
(4)Theproblemofstressdistributionaroundtherivetholeand
rivetshsnkisthree-dimensionalandnotammableto elementarymathe-
maticalanalysis.Thepresente~erimentilmethodgivesa visualindi-
cationoftheactionsinvolvedandcanprobablybe developedtoyteld
informationusefulina moreelaboratemathematicalnalysis.
(5) Ccmplete statictests,includingthedeterminationfnaterial
propertiesandthedimensionsofeachsheetandrivetineachspechn,
shouldbe madeoneachtypeof jointforwhichfatiguetestsaretobe
conductedsothatstaticstrengthdatamaybe availableforeventual
correlationwithresfitsofthefatiguetests.
(6)A single-rowlapjointisnotrecmmendedforuseunderfatigue
conditionsbecauseitslowbendingstiffnessandeccentriclcding
producelocalstresseswhichresultina poorfatigueresistance.
(7)Ifseveralrivetslyingonan axisparallelto thelineof
actionoftheloadaredefinedasa “line”andseveralyingona
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perpendicularsxts,asa “row,”itisbetterforbothstaticandfatigue
conditionstodesigna jointtohaveseveralinesoffewrowsrather
thantohaveseveralrowsinfewlines.Therewillthenbe fewer
“inactive”rivetsne~ thecenterofeachline,sothata moreefficient
distributionfloadwillbe obtained.
MassachusettsInstituteofTechnology,
Cambridge,I@ss.,April14,1%2.
.
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APPENDIX
METHODOF COMPUTINGNORMAL
A
ANDS13EKRSTREWES
Thetearingstresses werenotmeasuredsincetheireffectonthe
normalandshearingstresses1sassumedsmallandsincetheywould
requirea calculatimforeachsquareinvolvingPoissonlsratiowhich
inthecaseoffoamrubberisdirectional(tableI). ,
Thenormalstresswastskenas thedifferencebetweenthelengths
ofthesideofa squareinthedirectionofpullfortheloadandno-
loadconditions.Thestresswastheno%tainedfromtherelationft= E~t
where E isthemcihd.usofelastici~oftherubberdeterminedfrom
figure2 and Et isthestraininthedirectionofload.
Assumingthatall.angulardistortionisattributableto shearand
thatthesqua?edeformsymmetrically,theshearstrain7W canbe
foundfrommeasurementofthediagonalsandsidesofthesquare.This
distortionis showninthefollowingsketch:
Applicationfthelawofcosinestotheabovesketchresultsin
theexpressions
——
~= 2+-Z -20A OBcosa
——
~=~+’0B2+ 20A0B COS u
24
Combiningandassumingsmll
—.
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=wuhr displacements,
Thestresswasthenobtainedfromtherelationfs= @y=, where G is
themodulusofruptureoftherubberdeterminedfrmnfigure4 and 7=
isthestraincalculatedasabove.
h practice,averagelengthswereusedinthedeterminationof normal
andshearstresseswheresymmetrywaslacking.In*itIon, allcurvei
lengthswereapproximatedby theirchords.‘Thedegreeofapproximation
inherentintheseassumptionswouldhavebeenreducedifthesizeof
rectangleusedin-thegriphadbeensmaller.
a“
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APPENDIXB
~-JOIN’T ANALYSIS
Thetransmissionfloadhy cementedjointsisa continuousthough
notconstantfunction,whereasthatby a mechanicaljointhatingbolts
orrivetsisdisc~tinu~j hence,theformershouldbe themoreamenable
tomathematicalnalysis.Exactprocedures,however,arecunbersaneand
ofteninvolveimpracticablecomputationallabor.Themethodwhichfollows
isbasedinpartonexactrelationsandinpartonsimplifyingassumptions.
Considertwosheetstobe cementedalongthesurfaceAB as shownin
figure22(a).SincethelinesofactionoftheforcesP sxenotcoin-
cidentsolongas onesheetliesabovetheother,thesheetswill.bend
~til theforcescaneintoline.MomentsMl and ~ wiu be develqed
as indicated.Thesewillbedividedbetweenthesheetsinsaneway
dependentupontherelativestiffnesses,coefficientsu and ~,ofthe
twosheetsas showninfigures22(b)and22(c).Theaxialforceswill
alsobe distributedinaccordwiththesheetthiclmessesorareas,as
representedby thecoefficients7 and A. Theccmbinedeffectstill
be thoseproducedbyaddingtheforceandmomentsystemsoffigure22(b)
tothoseoffigure22(c).
Studyofthesesystemshowsthatthekxialforcesinfigure22(b)
prcduceshearalongthefayingsurfaceswhilethemomentsysteminfig-
ure22(c)tendstopeelonesheetfrcnntheothercausingbothtension
andshearinthecement.Themomentsysteminfigure22(b)tendsto
bendthesheetstoproduceshearbetweenelementsadjacento surfaceAB,
ad theaxialforcesinfigure22(c)causesomeshearif Al # ~ since
thetwosheetswillnotundergoidenticalaxialstrains.Eachofthese
effectsispresent,andallshouldbe takenintoaccountinan exact
analysis. Theeffectsofthebendingareignoredbecausethefaybg
surfaceofthejointinfigure6(b)showspracticallynobendingdis-
placementandthesmalysisisbasedontherelativemotionsoftheflat
sheetsshownin thesimplelapjointoffigure23 orthedoublelapjoint
offigure24.
lYcrosssectionswhichareplanarunderzeroloadremainedplanes
underlead P, thesectionabed,at theorigininfigure~, wouldbe
displacedtoabcldlbecauseofthestrainintheadhesiveundertheshear
stressesfs. However,theseshearstressesdo causestrainswithinthe
sheetssoplaneab is curvedtoabl’andplanecid~,to c“dr.Theshear
stressfs inthecementis somewhatreducedby thiswarpingofplanar
sectionsinthesheets.ThedisplacementIT.istheprojectionofadl
ontheplaneofthecement,andthestressfs dependsupontheshear
strainrepresentedby angleb“c”c.
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TheloadsP aretransmittedbetweenthesheets o
carriedby theuppersheetata sectionx-unitsfromthe
~x
NACATN~1~
thatheforce
originis
r
—PI =J
fswdx where w isthejointwidth.me forceremainingin
o
J
x
thelowersheetisthen P2 = P - pl= p -. f8wdx ,
0
@n planemnopintheunloadedjointisdisplacedtobecame
mln~olplwhenalmd.isdisplacedtoabc!d~. Planemtntintheu~er
sheetmovestom’%!’becauseofthetensiondueto Pl,thentom~’s
becauseoftheshearstressinsheet1. At thesametime,olp’isdis-
placedto o“p”by theaxialforceP2 andtop“vby theshearin
sheet2. Theccanplementoftheanglensvisa measureoftheshear
straininthecementanditstangentis U/tc where U = U. + U1 -
(u2+U5+ q). ThedisplacementsUO,. . .U4 areshowninfig-
ure23torepresentthesevariousdispbcementcomponents.Sincethe
shearstressfs inthecementmaybe fourdfrom fs= GcU/tc,where
—
—
#
Gc and tc sretheshearmodulusofelasticityandthicknessofthe
cement,respectively,it isnecessaryto obtainexpressionsforeach
displacementccmponent. A
Theinitialmovementofthelowersheetwithrespectotheupper
isrepresentedby Uo,thedisplacementoftheoriginofcoordinates
inthelowersheetwithrespectothatinthe~per. Thisdisplace-
ment UO doesnotvarywith x.
Thelongitudinalmovementofplanemnduetotheelongationof
f
sheet1 betweenO and x undertheaxialload P1 =J f8wdx is
representedby U1. Underthetensilestressft an elementof
lengthdx suchasthatshowninfigure25wouldelongatedU~= ftdx/E.
J
x
Overthedistancex thiselongaticmwouldbe Ul = (ft/E)b or,
o
Jx J’xsincef~= P~A = (fsw/wt~)dx= (f8/tl)dx,o 0
xx
U1 =
H
(fs/tlE)dxU
00
(1)
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*
Equilibriumin theelementoffigure25requiresthatshear
stressfst on longitudinalp aneqrbe f.s’= fs - (df~)/wdx. It
? alsorequiresthat
-f.ttil- fswd’+ (ft+ dft)wtl= O and,~ce,
that df@x = f#l. Thisleadsto f~f= fR(l- y/tl) sothat&
displacementn“s= U2
U2
Similarmanipulationf
Ux =
at thefayingsurfacesbecomes
Jt~= f~’dy/G= f=tl/2G (2)o
thedisplacementsforthelowersheetyields
(3)
U4
I
= f~t22G
J
TheexpressionfordisplacementU isthen
x
JJ
Xf
u= Uo +. ~dxdx
o ~ tlE -%-~x(a-~x~~)~-% ‘4)
Differentiatingthisexpressiontwice
$=%t+&)-
withrespecto x yields
()
d2f~tl+ t2
z~
Sincetheshears-tressinthecementis fs= GcU/tc~itisapparent
that d%/dx2= (t@c )(d2%/~); soequation(4)maybewritten
d2f8 ~ o
—-
&? ‘=
if k2 represents
k?= 2mc (t~+ ~)
Et1t2[%c + Gc(tl+ ‘2)]
Thesolutionforequation(~)is
alf8= a. coshkx+ ~ sinhkx
(5)
(7)
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andthedisplacementU becomes
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To establishtheconstantsofintegration,let dU/dx= -P~/~E
at x= O and P~/AIEat x = L, P beingequaltO 2Gtc/F2Gtc+
Gc(tl+ %)J” Simplesubstitutiongives
a2 = (P@.EsinhkL)(1/A~+ coshkL/A2).
al= Gca3/tc,tiesearereadilyobtained.
a3= -Pp/A2Eand -
Since ~ = Gcap/tc
Then,frcmequation
[( HGCPPcoshkxA2 + AI Cosh ~fs=— Sinhkx-—tcm SinhM Al& A2
Thismaybe simpld.fiedto
fs= fsav
whenit is observed
With t2= ntl,and
becomes
[
kL ~ coshkx,+tl cosh(kL- @
SinhkL tl+ ta 1L -4
that f
sav
= p/wL andthat Al= wtl and
and
(7),
(9)
*
(lo)
&
A2=Wtam
fs=fs- at x= O._orx = L,equation(10)
f kL (n + coshkLf8_ = ) (x= 0) (ha)‘avsinhkL l+n
f kL=f— (
n coshkL+ 1
%ax ) (x= L) (Ilkl)‘avsinhkL l+n
A glanceata tableofhyperbolicfunctionsshowsthat sinhkL Isvery
nesrlyequalto coshkL for kL> 6 andthatbothareverylarge
comparedwith n or 1,sothattheratio f~m fs
I
for kL>6 is
av
verynearly
f
I
kL
%ax f— ‘l+n .(X=O) (12a)‘av
f%x~sav = n(~) (X= L) (12b)
NACATN
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oftheJointatwhichthethickersheetisdiscontinuedtherefore
thegreatershearstress.
Therateof shearflowacrossthejointisnotuniform,buttheforce
J
%2
transmit~betweensections‘I~x2isF= fswdx,or
xl
[
pGcf3~(sinh lq -F=— Esimkxfl +tlsw(kL. kxJ -sillh(kL-l@
tckE t~t~SilihkL
‘1
(13a)
whichmaybe abbreviatedto
F.PN (13b)
where
N= tz(sm kx2- [sinhkx~+ tlsinh(kL-kx~) -sinh(kL-kx2)
(t~ + t2)SinhkL
Valuesof N me givenintable11.
lYtheendofthejointatwhichthethickerofthetwosheetsis
discontinuedistakenas theoriginof x andiftheultimateshear
strengthofthecementfs isknown,theload P to startfailure
atthemoststressedpointinthejointx = O is
[ 1fa=wL (1~ n) s~ ~P= kL n + coshkL
Themaximumshear stress at x = O wlILbe
[
n + coshkL
fs- = ma 1aV(l+n)s~~
(14)
(15)
TableIIIpresentsvaluesof (l+ n) sinhkL/kL(n+ coshkL) for
useinequations(14)and(1s)whichareshownin graphforminfigure26.
WiththevalueskL and n known,theratioof fsav s- canbeP
obtainedirectly.Itshouldbe notedthat sinhkL/(n+ coshkL) has
a valueveryclosetounitywhen kL Isequalto orgreaterthan6. A
valueof k suitabhforusewithjointsofvariouslaplengthsmay
30
thereforebe obtainedfromequation(15)iftestdataare
givefailingloadsP forspecfmensofsufficientlength
toreachan essentiallyconstantvalue.Theequationis
(1+ n)fa-k=
m Sav
Todeterminef~ fora newcement,‘testa series
havinglaplengthsrangingfrom1/8or1/4inchto2 or3
IillcATN3413
availableto
forthisload
(16)
ofspecimns
inches.Divide
the.badsatfailureby thejotit”areastoobtaintheaverageshear
stressesf
‘av= P/wL.Plot f versusjointlengthL,drawa curve‘av
throughtheplottedpoints,andextrapolateit tointersectthe fs-axis
at L=O. Thevalueof f at L= O maybe takentobe fs=.
‘av
Theprocedurewillbe illustratedsubsequently.
Whenthepropertiesanddimensimsofthecementandthesheetsin
a given~oi.ntareallknown,k maybe determinedwithoutrecoursetoa
seriesoftests.~~tion (6)istheAnalyticalexpressionfor k2.
F
At thepresentime,valuesoftheshearingmodulusofelasticityGc -
forthecommonlyusedadhesivesarenotweld.established.Fewdata
availableas tothevaluesof tc or
‘?maxwhichmaybe expected
practice,thoughtc ordinarilyrunsbetween0.005and0.010inch.
ispossibleto obtainvaluesof Gc fromtestdataby useofthe
followingequation:
tek%nt~
Gc=
(I+n)(l-=)
whenall.valuesexceptGc areknown.
sxe
in
It
(17)
TO illustrateheuseoftheprecedingequations,ccmsidertheset
oftestdataonthesimplelapjointsreportedby DeBm.qme(ref.1).
FortheO.@@- by l.00-inchDurahuninspecimensthefollowingvalues
aregivenfortheloadsproducingfailureon jointsofvariouslengths:
.
.
NACA‘IN3413
L
‘observed f%
o.125 7X? 5,700
.250 1,225 4,900
.37’” 1,550 4,130
.500 I,800 3,600
.625 2,on 3,320
.no 2,log 2,810
.875 2,070 2,390
1.000 2,~o 2,Wo
2.000 2j057 1,030
3.500 2,~o 585
By plottingf~av againstL andextendingthecurvedrawnthroughthe
plottedpoints,f~ at L= o iS6,700psi. Assumethisto corre-
spondwiththe& shearstressinanyJointinthissetwhenthe
* cementisat tiepointofrupture.Then,sincen = 1 forspecimens
havingsheetsofequalthiclmess,equation(16)maybe usedto obtain
k frcmthedataon thelongerspecimensinthegroupifwritten
.
k=
/2(6,700)ix~av
Sincethewidth w was1 inchfor
Forthelastfourspecimens,
/
= 13,400wpobsemed
thesejoints,k = 13>400~observed-
k IS foti tobe 6.k6,6.54,6.52,
and6.~, givinganaver;geval& of6.515.Thevalueof G.,obtained
fromeqwtion(17)for E = lo.kx 106, G = 3.95X l&, tc-=6 X 10-3,
n= 1.0, k = 6.515,.s.ndtl= 425x ~~ iS Gc= 62,60aPSi. TIIiSiS
somewhatlowerthanothervaluesobtainedfrm othertestsonRedux
cement.!l%.e.tmaybe duetoan erroneousassumptionfor t= since
DeBruynedidnotstatethecement hiclmessforthesespecimens.
Recenttestsinwhich t= wasknownindicateGc to liebetween
100,000and125,000psi. Theyalsoindicatefsm forRedUXtobe
between7,000and10,002psi.
W ordertoindicatetheapplicabilityofequation(1.)tothepre-
dictionoftheloadsrequiredtoprcducefailure,theequationwas
a~liedto theshorterspecimensinDe Bruynefssetontheassumption
that k = 6.515 amd f% = 6,700psi. Theresultsretabulatedas
follows:
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.250
l375
.500
.625
kL
0.81M
1.629
2.443
3.258
4.072
4.8%
5.701
6.515
2 SinhkL
1 + coshkLI‘predictedlppred@ted/pobserved
0.768
1.356
L 680
1.846
1.928
1.968
L 986
1.993
1,;:
1,730
1,900
1,980
2,025
2,040
2,@o
L XL
1.14
1.3.2
1.06
l955
.960
.985
1.00
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!lhelastcolumnshowsthatthepredictedloadsexceedthetest
valuesfortheshorterspecinEnsant-thatheunconservativeerrorof
lhpercentisgreaterthancouldbe desired.!l?h$serrormayresultfran
thefactthat k isbasedondatafromspecimensstressedbeyondthe
proportionallimitofthemetalandusedwithspecimensstressedinthe
elasticrange.me agreementisfarbetterovertheentirerangethan
itwouldhavebeenhadanyofthevaluesof f~av computedfrcmthe
testsbeentakenasan “allowable”stresstobe multipliedby thearea
ofthecementin orderto obtaintheloadatfailure.
Theprecedingequationscanbe usedto someextentonthepresent
testdatafrcmthecementedmagnesiumlap~oints.Sincea seriesof
specimensofvaryinglaplengthswasnotavailable,equations(llb)and
(6)wereplottedona coxmnonk-scaleforseveralassumedvaluesof
f%6x ar.xiGc. Thepointofintersectimoftheresultingcurvesgave
thedesiredvaluesof fs_ and Gc.
singlelapspecimen1, w = O.92inch,
k= 2.855)fs= = 3>370PS~~ n = ~Y
ticm(14)gives
F
Withthefollowingdatafor
L= 1 inch,fsav= 2,100psi,
and Gc= 102,000psi,equa-
-1
6
l
1p,=(3,370)(0.92)(1)+ l)sinh(2.855)(1(2.855)(1) 1 i-cosh(2.855)(1) 1
= 1,934lb
T& actualfailingloadforthisspecixuenwas1,936pounds.
~ thecaseofthedoublelapspecimen1,usingthepreceding .-
methodfordeterminingfs-, k,and Gc,thedataareasfollows: .
-
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w= O.gginch, L = 1 inch, f~av= 3,910psi, k = 4.40, fsu = 9,110psi,
n= 0.093,and Gc= %,100psi. Equation(14)yields
P
[
= (g,llo)(0.99)(1)(1+ o.93)sinh(4.40)
(4.40)(1) 0.93+ cosh(k.40)1
=3,85211J
Theactualfailingloadforthisspecimenwas3,910pounds. Slightvari-
ationsinthethicknessoftheplatesandthecoverplatesandslight
variationsinthedimensionsofthecementedareaprobablyaccountfor
thesmalldifferenceb tweentheactualandthecalculatedfailingloads.
Thefollotingdatafora thingage2024-Talcladsheetcementedsin-
glelapjointwereanalyzedby theabovemethod:tl = t2 = 0.0392inch,
n = 1, w= 0.984inch,L = 0.511inch,tc = 0.C055inch,
fsav= 4,427psi, f- = 10,110pSi, k= 8.735,and Gc = 101,000psi.
Thus,
1~ = (10,I-Io)(o.984)(o.5u)(I+ 1)sw(8.735)(8.~5)(0.511) 1+ cosh(8.~5)1
= 2,276lb
Theactualfailingloadforthisspecimenwas2,226pounds.
Theformulasderivedhereforstudyingthebehaviorofcemented
Jointsmustbeusedwithcaution.
= ‘s amwsis ‘%x .- k ‘ere
determinedfrcma singlespecimen,nota fsmilyofspecimensasdescribed
previously.Therefore,thesevalueswerecorrectonlyforthatone
specimenandshouldnotbe appliedto othersofdifferentlaplengthsor
cementhicknesses.Thevalueof fsmx fora cementshouldbe a
constantandshouldnotbe appreciablyaffectedby thictiessofcement
orsheet.However,f~- varieswidelyforthesethreespecimens
althoughallsreReduxbonded.Thevariationwasfelttobe toogreat
to attributesolelytoapproximationsinthedeterminationfitsvalue.
An explorativeanalysisoftheeffectsofbendingactioninthesejoints
(madein appendixC)showsbendingtobe ofmajorimportanceinthe
singlelapspec-ns,whichexplains,inpart,thediscrepmciesbetween
fs= forsingleanddoublelapjoints.
Equation(1~) indicatesthattheforce F transmittedacrossthe
cementbetweenxl and ~ isdirectlyproportionaltbthecoeffi-
cientN, andthevaluesof I? for kL = 1.0 intableII showthat N
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increasesabout0.10foreachO.lLincrementin x/L. Theconclusion” #-
maybe drawnthatthestressdistributionverthelengthofthecemented
jointisessentiallyuniformwhen kL= 1.0 orless.Thisispossible r.
injointsbetweenwoodenmembersofpracticablengthbutnotbetween
metalmaibers.
Considertwomembersofaircraftspruce,each1 inchthick,sothat
—
t~= ta=landn=l. Take E= 1,300,000psi, G = 100,000pSi,
G== 100,000psi,end tc= 0.006inch.Reference22gives E = 1,950,000
and G between72,000andl@+.,000foraircraftspruceat 12.percent
moisture,butthevaluefor E inmostspecificationsa dlistsof
propertiesis 1,300,000.Theassumedvaluesare,inanycase,reasonable.
When Gc= G,and tl= t2= n = 1,equation(6)for k2 maybe
written
Sincetc isverysmallas comparedwith1, & maybe takenequalto
2G/E. Forthejointunderconsideration,k2 = 200,000/1,300,000or
k= 0.392.Hence,for L= 2.5inchesorless, kL= 1.0 orless,
andtheshearstressalongthejointwouldbe essentiallyuniformly
distributed.Theerrorresultingfromanassumptionofuniformstress
distributionforjointsbetweenwoodmembersomewhatlongerthanthis
wouldnotbe great,ad itwouldbe reducedas thethiclmessofthe
menibersincreased.-
Nextconsidera jointbetweentwosheetsof
havingE = 10,500,000psi, G = 4,000,000pSi,
andn=l. AssumeGc= 100,000psi and .:c=
as computedfranequation(6)becomes68.03,and
2024-T4aluminwalloy
tl=tz= O.tiOinch,
0.006inch.Then, k2
k, a%out 8.25.To
obtainkL= 1.0 foran approximatelyuniformshefistressinthe
cement,thelaplengthwouldbe lessthan1/8inchwhichispossible
butnotpracticableforstructuralpurposes.
Itis seen,then,thattheassumptionofuniformdistributionis
tenableformaterialshavingvaluesof G approxi~”telyequaltothose
of Gc butnotforthosehavinglargevaluesof G as comparedwith Gc.
Otherfactorsentertheproblem,buttheratio G/Gc istheimportant
oneformembersofnormalproportionsinthevariohmaterialsusedin —
aircraftstructures.
Thetensileortearingstresstrsmsmittedacrossthecementbetween
sheetsmaybe approximated(formoreexactequationsseeref.15)by the l
methodoftenusedto obtainshearflows.An elementy-unitsfrcmthe
origininthesectionshown“infigure27 carriestheshearstressfs~
.
-.
.
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which,frm the
Theshearforce
Thetearing
surfacetillbe
and t2= ntl,
(
developmentofequation(2),is fs’= fs(tl- y)/tl.
S on planemtn’isthen
t~
s=J fs%dy= fswtlJ2 (18)o
Btress
‘te betweenpointsXl and ~ onthecemented
(S2 - Sl)/[x2- xl)wjwhence,tith f~ fraeq=tion (10)
{
f~avt1kLn(coshkx2- coshISXl)+ ~osh(kL- ~) - cosh(kL-
‘4 (19)
f.-=
–-E 2(X2- x1)(1+ n)sinh3-cL
Thisstresswillbe greatestwheretheshe= stressisgreatest,at the
endofthejointwherethethickersheetisdiscontinued.
A synnnetrical,doublelapjointsuchas thatshowninfigure~ may
be consideredtobe separatedalongtheplaneofsymmetrysothateach
halfmaybe analyzedby theaboveequations,ortheequationsmaybe
readilymodifiedto applytothattypeofconnection.
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A CONSIDERATIONOF
ENDs
APPENDIXC
PROBIEMSINTROIXJCEDBY BENDINGAT
OFSINGLEI#iPJOINTS
Considerthesinglelapcementedjointshowninfigure28(a).When
itisputintoa testingmachineandsubjectedtoan axialtensile
lce.dP, itbendssothattheIdnesofactionoftheforcesP pass
throughthespecimenapproximatelyas indicatedinfigure28(b).The
actualcurvesofdeflectionofthecentroidalxesof@e threeseg-
ments,~, CDE,andFG,tillbe suchastoproducea minimumchangein
thestrainenergyofthesystem.Forsheetsofunequalthicknessa
minimumener~analysiswouldbe requiredfortheevaluationof
moments~ and ~ attheendsofthespscimen,andthisanalysis
wouldrequirea knowledgeofthecharacteristicsoftheJawsofthe
testingmachinesincetheywillaffect‘boththeslopesandmcmntsat
A andG.
To avoidtheneedforsuchdata,assurethesheetsinthejointto
be ofequalthicknessbutthinenoughthatthetangentstotheelastic
curveatA andG willcoincidewiththelineofactionoftheloadswhen
P isrelativelylerge.PointD insucha specimenwilllieontheline
ofactionofloadsP, andpointsB andF tilllienearit. Assumethe
deflectionofB tobe (1- a)t/2 andthatofC tobe at/2,where a
hasa valueclosetouni@. SincethecentroidalxesofsegmentsAB
andCDEareoffset,themomentonthecrosssectionofthesinglesheet
atB isnotequaltothatonthetwo-$heetsegmentat C. Themcmentof
inertiaofthetwo-sheet‘%eam”iseighttimesthatforthesingle-sheet,
sotheradiiof’curvatureofthetwosegmentsdiffer.Thedisplacemmts
occurringinthecementat theendofthetopsheetareshowninfigure29.
Planeabedbeforeloadingbecumesabtc~tid”underload.Theshe=
stressfs onthefayingsuxfaceoftheuppersheetwarpsplaneabto
abt. Theaxialtensilestressinthelowersheetcausescdtomove
axiallyto c’d’andthebendingrotatesitto c“d’~.Thentheshear
stressfs onthefayingsurfaceofthelowersheetwarpscud”to c“’d”.
Theoriginalplanebc at theendofthecementisdisplacedtob’c~’t.
Sincearccc~ctrthasa smalleradiusofcurvaturethanbb’,thethick-
nessofthelayerofcementendsto increasewithincreasingdistanceto
theleftofbc. Tensilestressesnormalto thefayingsurfacesare
thereforedevelopedinthecementInadditionto theshearstresses.The
conibinati.onpr ducesa concentratimofstressattheendofthelap
whichtends.to startfailureinthejoint. .
.
.
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Similareffectsretobe expectedinrivetedjoints,effectswhich
tendto separate.thesheetsbeyondtheouterrivetsand,hence,to apply
forcestendingtolendrivetshanks,topryoffrivetheads,andto
prcxiucenonuniformbearingbetweentheshankandtheedgeoftheholeso
thattheactualconcentrationfstressina sheetadjacentoa rivet
holebecomesa highlyindeterminateproblem.Itwouldappearthatthe
simplifyingassumptionscustomarilymadeintheanalysisofriveted
joints,andtheuseof stressconcentrationfactorsbasedontwo-
dimensionalstressvariations,xemisleadingsmddangerous.
An exactanalysisofeithera cementedora rivetedjointseems
impossibleat thistime,butitispossibleto~ovideforsomeofthe
effectsjustnotedandto do soina waythatwillindicatetheorder
ofmagnitudeofthestressesinvolved,thoughnottheircorrectvalues.
To do so,setup equationsforthemcmentsonthesegmentsofthe
specimensh= infi-&.rr;28(b). ForsegmentAB
~= M1+(~-M~)x/S+Py
or,since ~ = -Ml,
~ = M~~ - 2(x/S)]+ ~
AtB, X= (S- L)/2 and y = (1- a.)t/2,sothat
.
MB= Mj-(L/s)+ (1 - a.)Pt/2
and,at C!,
~ = ~ + aX’(t/2)= Ml(L/S)+ (1- 2u)Pt/2
ThemomentbetweenC andE is ~ I= ~ + (~ - MI)(x’/S)
since w = % thisbec~es
Q, = [Ml (L- 2x’)/s]+ Py’
(20)
(21)
(22)
+ Py’,and,
(23)
Thisindicates~~ = O at xI= L/2 (atpointD),as it shouldsince
thesystemisantisymmetricalabouta planethroughD.
Ifequation(20)isdifferentiatedtwicewithrespecto x,
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But MJEI = d2y/d# forstressesbelowtheproportionallimit,so ~.
d21$@# - PM@l = O r
Thesolutionofthisequationgives .-
% = Cl Shh(X/j)+ C2 cosh(x/j) (24)
where j = (~. Hadtheaxialloadbeencompressiveinsteadoftensile, - “-
thefunctionswouldhavebeencircularinsteadofhyperbolic. —
At x=O, SiYlhX/~= 0, coshX/j=.1,and ~ = ~ SO C2= Ml.
At X= O, theshear~dx = -2~S = ~cosh(x/j)+ ~ sinh(x/j)j
hence,
%= -2@j/S)Sinh(X/j)+ Ml cosh(x/j) (25)
Ifthesiimeoperationsareperformedonequation(23)andif jt‘m> c“
WI =C3 Sillh(X’/j’)+% cosh(x’/j’) (26) *
At Xf = 0,
%8 =
~f=~ = C4,and,at-xi = I/2, ~, =0; hence,
[ 1--- (1-2a):cosh(L/2j’)sidl(x’/jl)-i-
sinh(L/2J-’)
[ 1+-(1-2a)~cosh(x’/j’) (27)L J
Equations(2’3)and(27)involvetheunlmownsMl and a. By
insertingequation(25)Intoequation(20)andequation(27)intoequa-
tion(23)andsolving~or y and y! andthenby substituting
x= (S- L)/2 and x’= O intheseexpressionsyB and yc; are
obtained.SinceyB+ (t/2)= ycl,itisthenpossibleto obtainMl
intermsof a. me resultis
Ml= Ptl-a (28)
— -, -~ S:(4L)+ Cos+++)S-Ls
NACATN3413
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E a istakenasunity,MI = O. E a is somevalue
unity,as itispresumedtobe,substitutionfequation
? equation(21)gives
Inordertoexploretheprobablemagnitudesof ~,
less
(28)
+ 1-
?5
than
into
(29)
assumethat
theratioofspecimenlengthto laplengthS/L is5, andconsider
thatthematerialisaluminumalloyhavingE = 10.5X 106psi. For
onecondition,assumeP/A= 8,750psi;fora second,take
P/A= 35;000pSi. Since
.
.
“H= = 10% for P/A= 8,750,and j = 5t for
P/A= 35,~0 pSi.
Thefirstterminbracketsinequation(29)thenbecomes
or
1/5
()cosh~ ()
-~si~u -L
lot 5L lot 5
If L/t istakenas 2, 5,and15inthefirstexpression,thevalues
forthetermare3.36,0.473,and0.0278,.res~ctively.Then
h@ - a.)= -3.86Pt,-O.9~Pt, and-0.527f!Z%,respectively.For
greatervaluesof S/L thesecoefficientswouldbe smaller,andfor
higherratiosof L/~ theywouldapproximate0.50.
Usingthesanevaluesfor L/t inthesecondexpression,
values0.801,0.-O~5,and0.0011areobtained.Then
%/(1 - a)= -1.3glPt,-0.5945Pt,and-O.5011Pt,respectively.
the
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Fora spechenofgivenwtdthandthickness,thesecomputations
indicatithat,tithveryshortspecimensandveryshortlaplengths,
S/t= 10 and L/t= 2,thebendingmomentinthesinglesheetat the
endofthelapdoesnotvaryinproportiontotheload. Sincethe
valuesof P havebeenassumedtovaryby fourto one,assumethat
P = 1,000poundsinthefirstcaseand4,000poundsintiesecondand
that ~ increasesfrm -3,860(1- a,)tto -~,2@(l- a)t,orabout
35percent.Ifthisisevenapproximatelycorrect,itisa~arentthat
theproportionsofthespecimensusedwillhaveappreciableeffectson
theresultsobtainedinfatiguetests.Itseemsreasonabletoassume
thatsimilareffectscouldbe expectedonriveted,bolted,orwelded
specimens.
lY S/Land L/t sreeachgreatenoughthatthefirsttermin
bracketsofequation(29)isverysmall,~ becomes-(1- a)Pt/2.
Thestrainina distancedx fortheu~r fiberofthelowersheet
at sectionB is -edx= (~C/EI)dx=-{El - a)Pt/q(t/2)/(EAt%2)}dx
-[3p(l-a)/~]~ duetobendl~g.Thestrainduetothetensileload
is -(P/AE)dx,sothetotalslzrainatB is -E(4 - 3.)/l@Jdx.Under
theassumptions,P = O intheuppersheetatB,andthe%endingstrain
is zerobecausethepointliesontheneutralaxisofthelap-joint
segment.Therateofstraininthecementat theendofthelapis
therefore-P(4- 3u)/AEiftheeffectofthetransversetensilestiesses
atthatpointisignored.men dU/dx= -(4- 3u)PP/AEinsteadofthe
-PB/M usedingoingfromequation(8)toequation(9). _ ~xhum
shearstressat x = o and x = L, sincethesheetsareofequalthick-
ness,istherefore
fs== (2 - 1.5u)fsav~--(l+ coshKL) (30)
Nodataareavailablefortheprobablemagnitudesof a butit
wouldbe reasonabletoassumevaluesof0.8or 0.9wheninvestigating
thechangesinmaximumshearstresswhenbendingeffectsareincluded.
Althoughthisanalysisoftheeffectofbendingontheactionofa
cementedjointcontainseveralsimplifyingapproximationsandassump-
tions,andalthoughithasbeenlimitedtolapjointsinwhichthetwo
sheetsareofequalthiclmess,theresultsarebelievedtobe ofthe
rightorderofma~tude. E so,theyprovidea partialexplanation
forthediscrepanciesobservedwhenspecimenswhicharedimensionally
similar,on thebasisof *~standard”methodsof jointanalysis,are
testedunderfatigueconditions.Furtherworkmustbe donetodetermine
themagnitudesoftheerrorsinthisanalysis,ortodevelopmoreexact R
procedures,beforesatisfactorycorrelationffatiguetestdataon
—
.
w
a
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.s. cementedjointscanbe expected.Suchjointsare“continuous”and
smenabletomathematicalnalysis.Riveted,bolted,spotwelded,and
similar“discontinuous”jointswillpresumablybe su%jectononuniformT
stressdistributionsanalogousto thosein cementedjoints,andthe
resultingstressconcentrationswillbe moreseriousbecausetheywill
occuratpointsinsteadof inbandsextendingacrossthewidthofthe
specimen.
.
*
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APPENDIXD .
METHODOFCORRECTINGPARALLAXON X-RAYNEQ.KTIVE ,
—
SincetheX-rayswereemittedfroma pointsourceandwereinclined
astheypassedthroughtherubbermodeltotheX-raynegative,correc- .
tionshadtobe madeto thedisplacements~asuredonthefilmin order
to obtainthetrueelongationsofthemarb-rsinthemodel.Thedis- ..
placementofa markerfromthereferencenkrker(describedinthebody
ofthetext)wasmeasuredtoa hundredthofan inchandcorrectedto
obtainthetruedisplacementby thefollowingprocedure: —
Ray1 fromtheX-raysourcecausespointA (fig.30),a distancexl
fromthereference,intherubbermodeltoappearatpointC ontheX-ray
negative,’a distancexl! fromthereference.Underload,pointA moies
toAl andray2 causesAl toappearat Cl-onthenegative,a distance
X2r fromreference.Thechangeindisplacementinthemodelis
.
..
Ax= X2 - xl ~
~31) “-.-
.
but,referringtothediagram,
X2= Xaf- h2t (33)
Substitutingequations(32)and(33)for xl and x2 ineqwtion(31)
yields —
Ax= (X2’ -h2’) - (xl’-hl) (34)
FromsimilartrianglesOI?CandABC
D
-=
II
andfromONC’andA’B’C’
D
-=
L
Introducingtheexpressionfor
and(36)intoequation(*) gives
Ax=(x~’ -
hl
(35)
xl1
~,
(36)X2f
hl and h2’ fromequations(35)
()L-DX11}y (37) *. .
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The term~’ - xl’ isthechangeindisplacementbetweenpointsC
andC!tontheX-raynegativecorrespondingtopointsA andAt inthe
T modelandwhenmultipliedby thecorrectiaaf ctorL~ yieldstheL
actualchangeindisplacementofa markerinthemodelunderload.
44 NACATN3413
REFERENCES J.
.
1.Vo@, F.: TheDistributionfLoadsm-RivetsConnectinga Plateto
a BeamUnderTransverseImds. NAC!ATMU.*, 1%7.
2. Volkersen,Olaf:TheMstributionofForcesontheRivetinStretched
JointsWithConstantStrapCrossSection.R.T.P.Translation
No.23~, BritishMinistryofAircraftPrduction.DurandReprinting
Committee,C.I.T.;also,RivetLoadIli.stributionin IapJointsof
ConstantCross-SectionUnderTension.R.T.P.!EmnslationNo.2497,
BritishMfnistryofAircraftProduction.DurandReprintingCommittee,
C.I.T.(lRmmLuftfahrtforschung,Ed.15,Lifg.1/2,Jan.20,1938,
pp.41-47.)
3.Vogt,T.: TheIoadDistributioni Bolt@dorRivetedJointsinI@rt-
AlloyStructures.NACATM1135,1%7.
.—
4.Anon.:StructuralCharacteristicsofBondedMetaltoMetalIs.pJoints.
Rep.No.MP 2020-2,ChanceVoughtAircraft,Jwe 1*5. .
5.Anon.:DistributionfShearStressesinBondedJoints.Rep.NO.~lj .
ChanceVoughtAircraft,Feb.1948.
6.Rinker,R. C.,andKline,G.M.: SurveyofAdhesivesandAdhesion.
NACATN989,1945.
7.Russe~,H.W.,Jackson,L.R.,Grover,H. J.,andBeaver,W. W.:
FatigueStrengthandRelatedChsracterlsticsofAircraftJoints.
I- ComparisonofSpot-WeldandRivetPatternsin24S-TAlclad
Sheet- Comparisonf24s-TAIcl@and~S-T Alclad.IiIcAwRw-56,
lg44. (FormerlyNACAARR4F01.)
8.Russell,H.W.,Jackson,L.R.,Grover,H. J.,andBeaver,W. W.:
FatigueStrengthandRelatedCharacteristicsofAircraftJoints.
II- FatigueCharacteristicsofSheetandRivetedJointsof
O.@O-Inch24s-T,75S-T,andR303-T2~5AluminumAllws. NACA
~ ~b, 1948.
9.Russell,H.W.,Jackson,L.R.,Grover,H. J.,andBeaver,W.W.:
Fat@ueStrengthandRelatedCharacteristicsofJointsin24s-T
AlcladSheet.NACAWRw-63,lg44. (FormerlyNACAARR4E30.)
10.Williams,D.,Stsrkey,R.D.,Leggett,D.M.A.,Grinstead,F.,and
Jones,R.P. N.: TheUseofRubberMcdelsinStressIkwestigati.ons.
R. &M. No.2433,BritishA.R.C.,1951. — .
11.Anon.:RubberinEngineering.ChemicalPub.Co.,Inc.(NewYork),
1946. L.
NACATN 3413 45
l 12.Burton,W. E.: EngineeringWithRubber.McGraw-HillBookCo.,~c.,
199.
.
13.Anon.: HatibookofMoldedandE_uded Rubber.GoodyearTireand
RubberCo.,~c. (Akron,Ohio),1A9.
14.DeBruyne,N.A.: TheStrengthofGluedJoints.Aircraftu.,
vol.XVI,no.182,Apr.1~, pp.u5-~8.
15.Goland,M.,andReissner,E.: TheStressesincementedJoints.
Jour.Appl.Wch.,VO1.U, no.1,Mar.1%4, pp.A-17- A-27.
16.Jenkins,E. S.: RationalDesi@ ofFastenings.w JO~.,VO1.52,
no.9,Sept.lx, PP.,421-k29.
17.Rosenfeld,SsmuelJ.: AnalyticalandExperimentalInvestigationof
BoltedJoints.NACATN1458,1*7.
18.Hill,H. N.,andHoIt,Marshall:Discussionof “WorkofRivetsin
. RivetedJoints”by A. Hrennikoff.mans.Am.Sot.civilEng.,
VO1.99,Oct.1934,pp.464-469.
.
19.Mcdsseiff,L.S.,Hartmann,E. C.,andMoore,R. L.: Rivetedand
Pin-ConnectedJointsofSteelandAluminumA210ys.Reprintedfrcm
Trans.Am.Sot.civilEtlg.,vol.109,1944,pp.1359-1399.
20.Ftcancis,A. J.: MvestigationsonAluminumAlloyRivetedJoints
UhderStaticLoading.Resesrch,EngineeringStructures,‘~tt.er-
worthsScientificPubMcations(Iondon),andAcademicPress,Inc.
(NewYork),1949,pp.187-216.
21.March,H.W.: FlatPlatesofPlywoodUnderUniformorConcentrated
Loads.Mimeo.No.1312,ForestPrductsLab.,U. S.Dept.Agric.,
Mar.1942.
46 NACATN3413
.
TABJJ3I
CHARACTERISTICSOFMATER~ TESTED
Poissontsratio,p
Material E, G,psi psi With Withrespect
respectowidthtothickness
l/4-in.Koylon U.103.36 0.303 0.356
l/4-in.Fcmmex 9.862.96 .331 .321
l/2-in.Foamex 8.682.21 .323 .343
l-in.Foamex 7.802.26 l333 .318
l/2-in.Airfoam(soft) 4.85
l/2-in.Airfoam(medium)7.14
l/2-in.Airfoam(firm) l?.20
.-
.
.
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TABLEIT
N-FUNCTIONSFORCEMNTEDJOINTS
N-functionsat -
: t@~= 1/3tljt2=1/2tl= tztl/t2=2/1 t~ta = 3/1
kL= 1.0
3.1 0.09556
.2 .18936
.28297
:2 .37670
.3 glg
.6
.7 .669%
.8
.77395
.9 .88380
1.0 1.00000
l7
.8
.9
1.0
0.08883
.17120
.25039
.32960
.41201
.50092
:;99;;
.84454
1.00000
0.1
.2
.3
.4
.5
.6
l7
.8
.9
1.0
0.08797
.16125
.226L8
.28958
.35627
.43260
.52548
.64335
.79688
1.00000
0.oggoo
.19565
.29092
.38576
.48xL4
.57799
.67729
.78003
.88724
1.00000
0.10588
.20781I
.30681
.40389
.5000Q
.5g611
.69319
.79219
.8g412
1.Ooom
o.w276
.21997
.32271
.42201
.51886
.61424
.7*
.80435
.goloo
1.Ooocc)
Ml= 2.0
0.099*
.19050
.27534
.35785
.44134
.52917
.62486
.Tj221+
.85564
1.Omoo
3.u2215
.22913
.3*24
.4143A
.50000
.58566
.67476
.77087
.87785
1.00000
o.Ikk36
.26776
.37514
.47083
.55866
.f%215
.72466
.8Q~o
.gooo6
1.Oom
kL=3.o
0.10716
.19382
.26782
.33589
.40M8
.47890
.56682
.67592
.81607
1.00000
0.145550.18393
.25895 .32k08
.35050 .43318
.42%9 .52U0
.50000 .59582
.57’151.664u
.64950 .73218
;;4’7 .8(%18
.8928$
1.000001.00000
0.u620
.22605
.33066
.43107’
.52830
.62330
.71303
.81c44
.*
1.00000
0.15546
.28707
.40009
.4gg08
.58799
.67cM0
;J@&
.9111.7
1.00000
0.20312
.35665
.47452
.567i.o
.64373
.71042
.77352
.83875
.91203
1.00000
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TABLEII.-Continued
N-FUNCTIONSFORCEMENTEDJOINTS
N-functi,onsat .
: t~t2 = 1/3%@~ = 1/2tl= tatl/t2= 2/1t~/t2= 3/1
kL= 4.0
0.1 0.09378 0.12002 0.17250 0.22499 0.25123
.16222 .2@k5 .29190 .37836 .42159
:; .2M544 .27015 .37756 .48499 .53869
.4 .26520 .32460 .44337 .56215 .6215k
.31645 .37763 .50000 ;;22;: .68355
:2 .37846 .437?3 .55663 .@@O
.7 .46131 .51501 .62244 .7296 .78356
.8 ,.57841 .621@ .70810 l79455 .83778
.9 .74877 .77501 .82750 .87998 .9c622
1.0 1.00000 1.00000 1.00000 1.00000 1.00000
kL= 5.0
0.1 0.10365 0.13585 0.20027 o.2@68 0.29689
.2 .16994 .22130 .32403 .42676 .47813
93 .21579 .27815 .40288 .52761 l%997
.4 .25291 .32092 .45694 .592% .66097
,. .29077 .36050 .50000 .63950 .70923
.2 .33903 .40705 .54309 .67908 .74709
.7 .41003 .47239 .597= .72185
.8
:7$M242
.52187 .5~24 .67597 .77870
.9 .70311 .73532 l79973 .86Q5 .89635
1.0 1.00000 1.00000 1.00000 1.00000 1.00000
m= 6.0
0.1 0.11517 0.15250 0.22718 0.30185 0.33919
.2 .1~32 .23793 l35315 .46838 l52599
.3 .22.962 .28797 .42466 .56135 .62970
.4 .24766 .32u8 .46822 .61527 .68879
.5 .27483 .34989 .5CQO0 .65011 .72517
.6 .31121 .38473 .53178 .67882 .~234
.7 .37030 .43865 .57534 .71203 .78038
.8 .47401 .53162 .~685 .76207 .81968
.9 .66081 .69815 .77282 .84no .8~83
1.0 1.00000 1.00000 1.00000 1.00000 1.00000
.
l
.
.
.
.
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N-FUNCTIONSFORCEMENTEDJOINTS
N-functionsat -
: k@2 = 1/3tl/t2= 1/2~1= tz t@ = 2/1t@ = 3/1
0.1 0.12689
.19096
;~ .22k90
.24601
.5 .26508
.6 .~186
j .34000
.43408
.9 .62209
1.0 1.00000
0.1 0.138M?
.2 .20072
.3 .23007
.4 .2k597
.5 .25916
.6 .27852
j .31712
.40102
.9 .5%851.0 1.00000
k
0.16873
.25S5
.2g7kl
.32303
.34339
.36888
.h1252
.49657
.66393
1.00000
k
0.18395
.26710
.30554
.32522
.33944
.35777
.39259
.46740
.63269
1.00030
0.1
.2
:?
:2
:i
.9
1.0
0.25240
.37844
.44244
.47707
.50000
.52293
.55756
.62156
.74760
1.00000
;=8.0
kL= 9.0
0.14855
.20922
.2$57
.24655
.255~~
.26936
.29995
.37379
.55486
1.00000
0.19798
.27872
.31215
.32723
.33708
.35004
.37753
.44329
.60429
1.00000
0.33607
.50343
.58748
.63D2
.65661
.67697
.70259
.74655
.831.27
1.00CQO
0.,275630.36731
.39985 .53260
.45648 .60741
.483n .@223
.~oooo .66056
.51627 .67%78
:2433 .69446
.73290
.72437 .81605
L.000001.00000
0.296& o.3g571
.41770 .55671
.46Tjl .62247
.48860 .64996
.5000U .66292
.51140 ::~a;
.53269
.58230 .721.28
.70316 .80202
1.000001.00000
0.37791
.56592
.66000
.70814
.73k92
l75399
.77510
.-
.873=
1.Oooao
0.41315
.59398
.68288
.72148
.74084
.75403
.76993
.79928
.86188
1.00000
0.44514
.62621
.70005
.no64
.74445
:m&
.79078
.85145
1.00000
50 NACATN3413
TABIEII.- Concluded /
N-FUNCTIONSFORCEMENTEDJOINTS
N-functionsat -
: t~/t~= 1/3t~/t~= 1/2t~= tpt@~ = 2/1t@ = 3/1
IsI.1=10.0
0.1 0.158u 0.21078 0.31610 0.42145 0.47412
.2 .21641 .28844 .43250 .57655 .64858
.23824 .31~4 .47556 .63378 .7M39
:: .24728 .32888 .4~08 .65528 .73688
.25337
.33558 .5moo .664-42 .74663
:: .26312 .34472 .50792 .6~ .75272
.7 .287u .36622 .52444 .68266 .76176
.8 .35142 .42%5 .56750 .7u56 .78359
.9 .52588 l57855 .68390 .78922 .8418g
1.0 1.Oom 1.00000 1.00000 1.00000 1.00000
*
.
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TABLEIII
VALUESOF (1+ n)sinhkLkL(n+ coshkL)
kL .%+-%$%‘“’-
n= o n= 0.20n= 0.40n = 0.60 n = 0.80 n = 1.00
o.= 0.9772 0.9828 0.9864 o.g8g6 0.9920 0.9940
.50 .9242 .9420 .9550 .9652 .9732 .9796
.75 .8455 .8833 ;g@l. .9250 .9414 .% o
1.00 .761.6 .8ogo .8774 .928 z.g22
1.25 .6667 .7240 .7718 .8x4 .8474 .8836
1.50 .6034 .6673 .7220 .7692 .8105 :gg
l.~
.5339 .5998 .6579 .7097 .7560
2.00 .4820 .5k92 .6099 .6651 .7154 .7616
2.50 :;$: .4586 .5186 .5751 .6283 .6786
3.00 .3902 .@65 .5007 .5650 .6033
3.50 .2852 ;~;~ .3898 .4403 .4897 l5379
4.00 .2498 34;; .3911 .4369 .4820
4.50 .2221 .26% .3507 .3929 .4%6
5.00 .lggg .2393 .27~ .3174 ;:;% .3%6
6.cx) .1666 .1997 .2328 .2658 .3316
7.CO .1328 .1713 .1998 .2283 .2567 .2851
8.00 .1250 .1499 .1749 .1998 .2248 .2498
9.00 .1111 .1333 .1555 .1777 .lggg .2221
10.00 .1000 .llgg .1399 .1599 .1799 .1999
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TABmIv
DA!CA!lYMIN~M X-RAY
(a)Two-Rtve’cJoint
mm L-D
L (NOXL) (6-l%@ (Nox~~)(6-I%x@ (Noxl~)(6-I%ad
Fstation
0
1
2
3
4
0
1
2
3
4
0
1
2
3
4
T0.933 8.49.936 8.46“.9438.43.90 8.35.557 8.31.964 8.23.m 8.20.978.9& %.991.998 %
0.933
.936
.*3
.950
.957
.*
.9-P
.978
.984
.991
.9’98
7.64
7.63
7.57
;.~:
7:41
7.36
7.30
7.26
;:2
9.42 9.09
9.39 -- 9.079.36 8.99
;.2J 8.93
. 8.828.77
;:: 8.73
8:99 ::$
8.91 8.58
8.90 8.54
8.5~
:.5J
8:40
8.35
8.30
8.23
8.17
8.u
8.Q3
8.m
0.933
.936
.943
.%0
.957
.*
.9G
;y:
.991
.998L6.% 7.656.84 7.646.79 7.616.76 7.606.71 7.576.65 7.51.6.61 7.466.53 7.376.49 7.286.46 7.226.40 7.15”
11..og
XL.Q5
10.93
10.83
10.67
10.60
10.55
1o.53
10.52
10.48
10.45
G station :.
8.25
8.25
8.17
8.=
8.06
8.01
7.957.83
7.85
7.797.76
Hstation
10.17
10.IA
I_O.@
9.97
9.899.81
;:$
9.67
9.61
9.59
7.50 9.35
7.47 9.31
7.39 9.21
7.35 9.15
7.337.24 ;%
;:;, w
&87
7:o1. 8.79
7.01 8.79
I station
).933 6.CA 6.75 6.66
.936 6.00 6.75 6.63
.%3 ;.9J 6.74 ~.;;
.930 6.74
.937 5:90 6.71 ::%
.964 ;.g 6.~..
.971 6.65 6:41
.978 5:77 6.53 6.35
6.43 6.33
:%1 ;:$ 6.36” 6.26
.938 . 6.33 6.25
8.56
8,56
%
8.73
8.76
8.%
8.91
8.99
9.04
9.08
7.04
7.&
7.10
7.u
7.20
7.a
7.297.32
7.38
7.40
7.46
10.35
10.35
10.40
10.41
10.44
10.47
10.55
10.67
10.7-9
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